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1 Introduction   
 
For over half century by now Nuclear Magnetic Resonance (NMR) has been applied for 
the analysis of different materials systems like organic, inorganic, polymers, porous 
materials etc. and it is still expanding. NMR could elucidate many structure-property-
relations not only of organic systems but also of polymers [SRS1997].  With the progress 
in the classical and quantum mechanical understanding of the NMR methods [Abr1961, 
EBW1987], particular molecular properties can be investigated independently by 
eliminating all unwanted NMR interactions during the experiment. 
 In material science elastomers are of great importance because of their widespread 
application in industry. Examples are the chemical industries, power industries, steel 
industries, mining industries, etc. The most important products are tires for cars, trucks, 
and conveyer belts. Therefore, there is a great importance to improve the development 
and production technology to obtain the best elastomeric materials. Since technical 
elastomers have quite complex structures, their analysis requires the use of advanced 
methods including NMR spectroscopy and imaging. Based on the analytical results, the 
production strategy can be modified by choosing either the measures in the formulation 
or the processing and reaction conditions. Although there are advanced theories about the 
structure and dynamics of polymers [Kuh1934, Blü2000], a theoretical description from 
basic principles of an elastomer systems is still a complex and challenging problem. 
Therefore, alternative analytical methods which yield details of molecular properties have 
successfully conducted in specific areas of rubber technology for a deep understanding of 
the material and its production parameters.   
NMR has been successfully applied to different elastomers and rubber samples for 
last few decades. For describing the relation between the cross-link density of the 
elastomer network and the relaxation of the NMR signal several models have been have 
been developed [Sot1996, Fed1989, Kim1997]. Polymers and especially cross-linked 
elastomers show both liquid and solid state behaviour in NMR spectroscopy. Many 
typical experiments both in solid and liquid state have been performed to obtain the 
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information from the elastomer network resulting in better understanding of the structures 
present in filled and unfilled elastomer systems.  
More than quarter century since its discovery, NMR imaging is increasingly being 
applied to material science [Blü1992, Blü2000, Cal1991, BBBF1998]. Since 
morphological changes in elastomer systems take place on a spatial scale suitable for 
NMR imaging, these systems have extensively been investigated by NMR imaging 
[Eli1990, Blü1999, Blü1997, Blü1994]. Although  NMR imaging is well established in 
clinical and medical research, it is still a major area of research in material science, 
rubber, and elastomer technology. 
Besides polymers and elastomers, the porous materials are another interesting 
class of materials which can be investigated by NMR relaxometric studies [Blü2000]. 
NMR relaxation studies of fluids in porous media have been stimulated by the oil 
industry for studying reservoir rock [Bro2001, Kle1996, Coa1999]. Analysis of 
relaxation curves from fluids is of particular interest for the characterization of pores in 
rocks [Dav1990, For1995] and other porous materials such as packs of beads or grains, 
ceramics, zeolites, foods, colloids, emulsions, gels, suspensions, and is of interest to the 
retrieval of biochemical and biophysical information [Lab1994]. Since longitudinal (T1) 
and transverse (T2) relaxation rates can be significantly increased in the vicinity of solid-
liquid interfaces, the relaxation behaviour of 1H and other nuclei of fluids of low 
viscosity confined in porous media can provide important information about porosity, 
pore-size distributions, and pore connectivity [Hür1994]. The spectrum or the distribution 
of relaxation times is a direct map of the pore-size distribution and is obtained by Laplace 
transformation of the relaxation curve. The relaxation time distribution is usually 
compared to the pore size distribution obtained from mercury intrusion porosimetry. For 
example, in bore hole analysis transverse relaxation decays acquired by CPMG-type 
multi-echo methods are routinely evaluated in NMR well logging. For highly porous 
samples of extreme importance i.e. historical building materials special chemical stone 
strengtheners are required for their preservation and the success of their use can be 
monitored by NMR.    
In addition to the historical porous samples the nondestructive analysis by 
unilateral NMR (NMR-MOUSE) has been carried out with differently degraded historical 
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paper samples. From the relaxation time distribution the status of paper preservation 
could be identified. Such an analysis can provide additional information for deciding 
about preservation measures.  
 Usually in NMR experiments in homogeneous field the sample is prepared, which 
is, a small portion of the main sample is secured by a destructive method. But when non-
destructiveness of the sample is more important and when the experiments are supposed 
to take place under harsh conditions it becomes feasible to rely on a relaxation analysis at 
low and inhomogeneous fields, i.e. low resolution NMR. If the samples are big in size the 
unilateral or single-sided NMR is an important choice. Unilateral NMR or inside-out 
NMR is one recognized technique in the field of low resolution NMR. The NMR-
MOUSE (Mobile Universal Surface Explorer) belongs to this single-sided NMR concept 
[Eid1996, Blü1998]. The NMR-MOUSE is a palm-size NMR device which is built from 
two permanent magnets (nowadays a single magnet can also be used [Cas2003]). They 
are mounted on an iron yoke with anti-parallel polarization. The main direction of the 
polarization field B0 is across the gap. The rf field B1 is generated by a surface coil which 
is mounted in the gap. Together with the equation of motion for the nuclear 
magnetization  the inhomogeneities of the B0 and B1 fields define the sensitive volume in 
which the NMR conditions are satisfied. The sensitive volume is restricted to regions 
near the surface of the examined object. 
 Pulse sequences well known from conventional NMR in homogeneous magnetic 
fields can be adapted for measurements with the NMR-MOUSE. Because of the 
inhomogeneities of B0 and B1, the FID is too short to be observed directly. Therefore, 
echo pulse sequences are required where some pulse sequences are more suitable than 
others (chapter 2). As a consequence of the field inhomogeneities, relaxation rates are 
accessible, whereas chemical shift information is not available. As far as applications of 
the NMR-MOUSE are concerned, almost any proton-containing material will give rise to 
a signal from the NMR-MOUSE. Polymers, elastomers, proton bearing fluids in porous 
media, and biological materials are particularly suitable because they are rich in protons. 
Applications of the NMR-MOUSE are in nondestructive materials testing, process 
control, medicine, food processing, and agriculture [Blü1998]. In the present work, three 
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different areas of research have been investigated with the NMR-MOUSE and by NMR 
imaging.  
1.) Elastomers and rubbers give rise to the best signal-to-noise ratios. For elastomers 
the dependence of the transverse relaxation time on cross-link density, strain, and 
the temperature has been verified in chapter 3 for both silicone rubber in the test 
specimens and energy cable shells, and synthetic rubber samples cured under 
different conditions. The results have been confirmed by the ultra-sound and 
NMR imaging measurements. From these the sample quality with regard to the 
homogeneity and defects in the produced samples has been checked. The 
investigations were performed to show in how far sample stretching and electrical 
aging can be detected by NMR relaxation measurements without specific 
identification of the regions of electrical treeing. 
 
2.) The NMR-MOUSE has been employed to characterize the size distribution of 
water filled pores in building materials even in the case of ferromagnetic 
contaminations (chapter 4). The relaxation time distribution obtained after 
Laplace transformation of the CPMG echo decay data has been compared to the 
pore-size distribution from the mercury intrusion porosimetry. The effect of stone 
strengtheners on the porous sandstone and other porous samples has also been 
investigated. 
 
3.) Historical books from the 17th century have been measured at different positions 
by positioning the NMR-MOUSE on the degrading paper of the book. Different 
degrees of paper degradation can be discriminated from the regularized inverse 
Laplace transform of the envelope of the acquired Hahn echo signals (chapter 5). 
For the first time the degradation of historical paper was characterized entirely 
nondestructively by NMR. 
Before describing the results of the experimental investigations in chapters 3, 4, and 
5, a comprehensive theoretical introduction is given in chapter 2. It deals not only with 
the theoretical part but also explains modifications of the NMR-MOUSEs to improve its 
performance, the experimental conditions, and applications to different materials. 
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Chapter 2   Principles  
 
 
2.1 Introduction to NMR  
 
Nuclear magnetic resonance is a technique that probes molecular properties by interrogating 
atomic nuclei with magnetic fields and radio-frequency (rf) irradiation. Specifically the NMR 
phenomenon denotes the resonant interaction of magnetic moments in a usually time-invariant 
magnetic field with the magnetic component of an electromagnetic wave. In comparison, 
NMR signifies the rf communication between laboratory transmitters and receivers on one 
side and the magnetic polarization of atomic nuclei exposed to a magnetic field on the other 
side (Fig. 2.1.1) [Blü2000].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
∝ B0υL
spectrometer
atomic nuclei in 
a magnetic field
B0
tt
excitation:
rf pulse at frequency υrf
impulse response:
cos{2πυLt} exp{-(t/T2 )b /b}
 
Fig. 2.1.1 [Blü2000]: Nuclear magnetic resonance (NMR) signifies the radio frequency 
communication between a laboratory spectrometer and atomic nuclei in a magnetic field. 
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The rf signal of the nuclei is stimulated and received by the laboratory spectrometer. 
From this, information about the chemical structure of the molecules, molecular order in solid 
matter, molecular dynamics, morphology of semicrystalline polymers, macroscopic sample 
heterogeneities, and molecular transport can be obtained. The frequency ωL with which the 
atomic nuclei respond is called Larmor frequency usually its value is in the MHz. If | Bloc| is 
the strength of the magnetic field at the site of the nucleus then ωL is given by  
 
                                                      ωL = - γ | Bloc| = - γ Bloc ,                                               [2.1.1]  
 
where γ is the gyromagnetic ratio and it is constant for a particular nuclear isotope. The 
magnetic resonance phenomenon is also observed for unpaired electrons. It is known as 
electron spin resonance (ESR) or electron paramagnetic resonance (EPR), and the 
corresponding frequencies are in the GHz or in microwave regime.  
Felix Bloch [Blo1946] and Edward Purcell [Pur1946] were among the first who 
successfully and independently detected the NMR signal in condensed matter in 1945. Later 
on in 1951 the chemical shift was discovered. It signifies the fine structure of the resonance 
line depending on the electronic environment of the nuclei. It became the standard tool for 
analyzing the structure of molecules dissolved  in liquids. The fine structure observed in solid 
state is not as easily observable as in the liquid state. In the solid state the molecular motion is 
severely restricted. Because of this, spin interactions like the dipole-dipole coupling, and the 
anisotropy of the chemical shift are not averaged out, which results in severe line broadening 
and obscures the effects of chemical shift differences unless special methods are used 
[Blü1990, Ger1985, Ste1965]. 
 The NMR spectrum, originally, was observed by sweeping the magnetic field under 
irradiation with a continuous radio frequency wave (CW NMR). This time consuming 
technique was replaced by the Fourier transform method with pulsed excitation invented by 
Richard Ernst in 1966 [Ern1966]. In this technique all frequency components of the NMR 
spectrum are observed simultaneously by measuring the response to an excitation pulse. Later 
on two-dimensional NMR was introduced by Jean Jeener in 1971 [Jee1971] where one more 
frequency coordinate was added leading to non-linear multi-dimensional spectroscopy. This 
method was further explored systematically by the research group of Ernst [Ern1987] who 
also introduced Fourier imaging. In 1973, the use of NMR imaging was demonstrated by Paul 
Lauterbur for medical applications [Lau1973] and by Peter Mansfield [Man1973] for 
materials. Both received the Nobel Prize in Medicine in 2003. 
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2.2 NMR Basics 
Most aspects of NMR can be described in terms of the classical vector model of 
magnetization precessing in a magnetic field similar to a spinning top precessing in a 
gravitational field (Fig. 2.2.1). However, use  of  quantum  mechanics  becomes  necessary in  
 
 
 
Fig. 2.2.1 [Blü2000]: A spinning top with angular momentum L precesses around the direction of the 
gravitational field G with frequency ω (top). The nuclear magnetization is the vector sum of nuclear 
spins, and it precesses around the direction of a magnetic field B0 with the Larmor frequency ωL. 
  
many of the advanced methods.  Here the density matrix is the appropriate tool for the 
semiclassical description of the motion of an ensemble of interacting magnetic moments. 
Therefore, the introduction of quantum mechanics is necessary for a proper description of 
NMR. More detailed accounts are provided in [Blü2000, Fuk1981, Der1987, Lev2000]. 
 
2.2.1 Nuclear Magnetization 
The origin of nuclear magnetization is quantum mechanical. Many nuclei possess angular 
momentum which is called spin l [Zum1991]. The spin l is a quantum mechanical operator. 
The eigen value of l2 is I (I+1) where I is the spin quantum number (also referred to as spin) 
which can assume integral and half-integral values.  For example, 1H, 13C, 29Si, and 31P are 
spin-1/2 nuclei with I = ½, and 2H, and 6Li are spin-1 nuclei with I = 1. The magnetic moment 
µI is proportional to the spin I of the nucleus, 
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                                                    µI =  γ h  l  ,                                                                    [2.2.2] 
 
where  is Planck’s constant, h/2π and γ is the gyromagnetic ratio which can be defined as a 
specific constant of the nucleus and can assume positive and negative values. The 
macroscopic thermodynamic equilibrium magnetization M
h
0 is formed by the sum of 
projections of all nuclear magnetic moments onto the axis of the magnetic field B0. Its value is 
expressed by the Curie law, 
 
                                              
( )
0
22
0 3
1 B
Tk
IINM
B
+= hγ   ,                                                   [2.2.3] 
 
where I is the nuclear spin quantum number, kB the Boltzmann constant, T the temperature, 
and N is the number of nuclei with spin I in the sample.  
The magnetization M0 is a macroscopic magnetic dipole moment. Its potential energy 
in magnetic field B0 depends on the angle θ  between the dipole moment and the field (Fig. 
2.2.2 (a)), 
 
                                     E = - M B0 = - | M| | B0| cosθ  =  - MzB0                                        [2.2.4] 
 
Since in NMR the orientation of the field defines the z axis of the laboratory coordinate frame 
of reference, B0 = (0, 0, B0)t  and Mz = | M | cosθ  is the projection of the magnetic vector onto 
the direction of the magnetic field. 
The quantum mechanical operator which corresponds to the energy is the Hamilton 
operator. In quantum-mechanical terms, the potential energy belonging to a single magnetic 
moment in a magnetic field is given by  
                                                    Hz = - γ lh z B0   .                                                            [2.2.5] 
 
Splitting of the energy levels occurs when magnetic moments interact with the magnetic field. 
This effect is known as Zeeman interaction, index Z as used in lz in eqn. 2.2.5. The energy 
levels Em are defined as the eigenvalues of the Hamilton operator,  
 
                                            0BmEm hγ−=  ,                                                        [2.2.6] 
 
where m is magnetic quantum number and can assume the following values 
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                                                                - I   ≤   m  ≤  + I    .                                              [2.2.7] 
 
 
Fig. 2.2.2 [Blue2000]: Classical and quantum mechanical energies of magnetic dipoles in a 
magnetic field. (a) The potential energy of the macroscopic magnetization M in a magnetic 
field Bo is a product of the magnetic field with the projection of the magnetization onto 
the axis of the field. It depends on the angle θ between the magnetization and the field. (b) 
For a quantum mechanical magnetic moment with spin I = ½, there are two stationary 
states in a magnetic field. One has its projection parallel, the other antiparallel to the 
direction of the field. Both states differ in energy. The diagram applies for nuclei with 
positive values of γ, where the magnetization aligns antiparallel to Bo in thermodynamic 
equilibrium. For simplicity of notation the thermodynamic equilibrium magnetization is 
taken parallel to Bo in the following. 
 
Hence a nuclear spin with quantum number I can be in one of 2I + 1 stationary states 
in a magnetic field. Nuclei like 1H and 13C with spins I = ½ have two eigenstates. The energy 
difference between these two eigenstates determines the NMR frequency ωo = 2 πυo, 
 
                                   ∆E =  Em – Em-1 = - h γ Bo = h ωo = 2 π h υ o                                  [2.2.8] 
 
The NMR frequency is directly proportional to the strength of the magnetic field Bo. As 
mentioned above, the polarization is the sum of all components of the nuclear magnetic 
moments parallel to the applied field. From the quantum mechanics it is known that in 
thermodynamic equilibrium, all magnetic moments are found in one of the energy eigenstates 
Em having one of 2I + 1 allowed projections along the z axis.  Therefore, the nuclear magnetic 
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polarization is determined by the differences in population of the energy levels.  The relative 
number n(m-1) /nm  of spins in these states is given by the Boltzmann distribution  
 
                                                      


−=−
Tkn
n
m
m
B
01 exp
ωh
   .                                               [2.2.9] 
 
The amplitude of an NMR signal is proportional to the population difference ∆n = nm 
– n(m-1). It is calculated from eqn. 2.2.9. For 1H at room temperature and a  frequency of 100 
MHz the exponent is given by 
TkB
0ωh = 1.6 ⋅10-5. At room temperature kBT >> hω0, so that the 
exponential in eqn. 2.2.9 can be expanded, and the expansion can be truncated after the 
second term. In this limit the population difference is proportional to the strength of the 
magnetic field.  Given 1020 spins in a sample only 1.6 ⋅ 1015 of them make up for the nuclear 
magnetization. This lack of sensitivity translates directly into the limited spatial resolution 
achievable by NMR imaging. But this disadvantage is offset by the unsurpassed manifold of 
information accessible by NMR. 
  
2.2.2 Bloch Equation and its application 
As mentioned before the first successful detection of the NMR signal in the condensed state 
of matter was achieved  independently by Felix Bloch in 1945. Felix Bloch derived the 
equation of motion of the macroscopic magnetization vector by identifying M / γ as angular 
momentum, which experiences a torque M × B in the magnetic field B.  As a result any 
magnetization component  not parallel to the magnetic field precesses around it. This 
condition is completely analogous to a top spinning in a gravitational field, which precesses 
around the direction of the field (Fig. 2.2.1). If we neglect the shielding of the applied field by 
the electrons, the nuclear precession proceeds with the NMR frequency ω0. The Bloch 
equation is obtained by equating the torque to the rate of change of angular momentum, and 
by adding a relaxation term which allows the establishment of thermodynamic equilibrium 
with time [Blo1946, Ern1987]: 
 
                                       dM / dT = γ M (t)  ×  B (t)  - R [M (t) – M0] .                           [2.2.10] 
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M (t), the time-dependent magnetization vector has the thermodynamic equilibrium value M0 
= (0, 0, M0)T  which is determined by the Curie law (eqn. 2.2.3), and R is the relaxation matrix 
 
                                    ,                                             [2.2.11]  








=
1
2
2
/100
0/10
00/1
T
T
T
R
 
where the T1 and T2 are the longitudinal and transversal relaxation times. The longitudinal 
relaxation time T1, also called the spin lattice relaxation time, is the energy dissipation time 
characteristic for build up of the magnetization parallel to the magnetic field. The transverse 
relaxation time T2, also known as spin-spin relaxation time, is the time constant for 
disappearance of magnetization components orthogonal to the magnetic field.  T2 is generally 
shorter then the T1. In liquids, T2 is close to T1 while in solids it can be orders of magnitude 
shorter.  
  For solving the Bloch equation the magnetic field B(t) is written as the sum of the 
strong static magnetic field B0 and a weak, time-dependent rf field Brf (t) perpendicular to B0, 
 
                                                      B(t) = B0 + Brf (t)                                                        [2.2.12] 
 
The rf field is usually applied with linear polarization, 
 
                                               Brf (t) = 
( )







 +
0
0
cos2 1 ϕω tB rf
                                            [2.2.13]                        
 
where ϕ describes a phase offset which can be manipulated by the transmitter electronics. As 
we have  2 cos(ωt) = exp{iωt} + exp{-iωt}, Brf (t) can be decomposed into two counter-
rotating components. One of these follows the precession of the magnetization and is retained. 
The other can be discarded, since it is out of resonance by twice the NMR frequency. 
Therefore, instead of eqn. 2.2.13 one can use 
 
                                             Brf (t)  =    
( )(








+
+
0
sin2
cos2
1
1
ϕω
ϕω
tB
tB
rf
rf )      .                                     [2.2.14] 
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 The Bloch equations can be simplified considerably by transforming these equations 
into a coordinate system which rotates with the rf magnetic field vector eqn. 2.2.14 around the 
z axis of the laboratory frame. In this rotating frame the magnetic field including the rf field 
component appears static, but the magnitude of the B0 field in z direction is changed, and eqn. 
2.2.12 converts into 
 
                                                           Br  =    
( )
( )








+ γω
ϕ
ϕ
/
sin
cos
0
1
1
rfB
B
B
  .                                          [2.2.15] 
 
Following the Bloch eqn. 2.2.10 the transverse magnetization precesses around the applied 
field in the laboratory frame. When rotating exactly with the same frequency as the 
magnetization, the magnetization appears static in the rotating frame and the cause for 
rotation of the magnetization seems to have vanished. So the magnetic field must be zero in 
this case. If the rf frequency ωrf  does not match the NMR frequency ω0  the magnetization 
rotates at a frequency offset Ω0 in the rotating frame, 
 
                                 Ω0  =  - γ B0  -  ωrf   =    ω0  -   ωrf  =  - γ Bres  ,                                [2.2.16] 
 
The offset frequency is assigned to a residual magnetic field along the z axis with magnitude 
Bres. 
 If the rf frequency ωrf  matches the NMR frequency ω0  then the residual magnetic 
field along the z axis vanishes, and the nuclear magnetization appears static in the rotating 
frame. When a rf field is applied this situation is changed. The rf field appears static in the 
rotating frame. But if it is applied perpendicular to the thermodynamic equilibrium 
magnetization M0, the magnetization is exposed to a nonvanishing magnetic field in the 
rotating frame. Consequently, it experiences a torque and rotates around this field with 
frequency 
 
                                                 ω1   =     - γ B1   ,                                                              [2.2.17] 
 
where B1 is the magnitude of the rotating field component (Fig. 2.2.3) [Blü2000].  
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Fig. 2.2.3 [Blü2000]: Magnetization in the rotating coordinate frame. (a) The frame rotates with the 
rf frequency ωrf. On resonance Ω 0 = 0, Bres = 0, and the rotating rf field component B1, appears static 
in this frame. The magnetization M o rotates around the B1 field with frequency ω1 . (b) When the rf 
field is turned off the magnetization rotates around the z axis of the rotating frame with frequency Ω 0 
if the rf frequency is set off resonance. (c) The phase coherence among the magnetization components 
making up the xy part of the vector sum M  is lost with time as a result of differences in local NMR 
frequencies which fluctuate with time. The characteristic time for coherence loss is the transverse 
relaxation time T2. The magnetization components are not drawn to scale. 
The duration tp for which the rf field is turned on is adjustable in NMR spectrometers, 
so that the angle α of precession around the axis of the rf field can be manipulated 
 
                                                             α = ω1 tp  .                                                           [2.2.18] 
 
From this 900 and 1800 pulses as well as pulses with arbitrary angles can be set. Depending on 
the phase ϕ of the rf in the laboratory frame (eqn. 2.2.14), the direction of the B1 field can be 
set anywhere within the xy plane of the rotating frame. For instance, when selecting ϕ = 00, 
900, 1800, and 2700 the B1 field is parallel to the +x, +y, -x, and –y-axis respectively. By 
definition a pulse of flip angle α along the x axis is commonly called αx pulse. 
       Just after the application of rf pulse with flip angle α at time t = 0 along the y direction of 
rotating frame gives the magnetization (Fig. 2.2.3) 
                                              M(0+) = M0  







α
α
cos
0
sin
                                                           [2.2.19] 
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If the coordinate system rotates exactly on resonance with Ω0 = 0,  the magnetization M(0+)  
appears static except for a decay of its component in the transverse plane. If the rotation 
frequency of the coordinate from is offset from the NMR frequency, the magnetization 
precesses around the z axis with the offset frequency Ω0. The transverse magnetization 
components in this case are described by  
 
                                     Mx (t)  =   M0 sin α cos (Ω0 t) exp 


−
2T
t  ,                                 [2.2.20]   
 
                                      My (t)  =   M0 sin α sin (Ω0 t) exp 


−
2T
t  ,                                [2.2.21] 
 
Both the components mentioned above can be written in complex form as  
                 
                         M+ (t) =  Mx(t)  +  I My(t) =   M0 sin α exp 






 Ω−− ti
T 02
1                  [2.2.22] 
 
 The transverse relaxation time, T2 describes the loss of phase coherence of the 
precessing magnetization components as a result of time-dependent differences in local NMR 
frequencies. As times passes, these magnetization components accumulate different 
precession phases so that the vector sum of all magnetization components eventually vanishes  
(Fig. 2.2.3c). The signal s(t) obtained after application of an excitation pulse by simultaneous 
observation of both x and y components is directly proportional to the complex magnetization 
as given in eqn. 2.2.22. Because the signal is induced in a receiver coil in the absence of an rf 
field, it is called free induction decay (FID). FID is given by the derivative of M+(t) and is 
proportional to M+(t) with a phase shift by 900. For heterogeneous materials the magnetization 
M0 is dependent on space r, and M0(r) is known as spin density. For a 900 pulse, sin α = 1, 
and the magnetization from the volume element at position r is given by  
 
                                             M+ (t)  =  M0 (r) exp {i ω0 t} ,                                             [2.2.23] 
 
where ω0(r) is the NMR frequency which depends on the position in space. This equation 
neglects the relaxation and distributions of the resonance frequencies. In practice, the signal is 
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detected in the rotating coordinate frame. Actually the rf signal received from the NMR probe 
is converted to an audio–frequency signal in the receiver. This process is equivalent to the 
transformation into the rotating frame. Therefore, NMR signals are measured in rotating 
coordinate frame and not in the laboratory frame. In inhomogeneous fields the resonance 
frequencies ω0 is a function of space rr . For the purpose of space encoding the space 
dependence is made linear, ω0 = - γ G r. To obtain the sum of signals coming from the nuclei 
at all positions r, the eqn. 2.2.23 is integrated as  
 
                                         M+ (t)  =                                       
      
( ){ }∫∞
∞−
− rdtrirM rrr ωexp)(0
                                                     =                                  [2.2.24] { }∫∞
∞−
− rdtrGirM rrrr γexp)(0
 
where G is the gradient of the magnetic field. If the gradient is also time dependent, the phase  
of the exponential in eqn. 2.2.24 is determined by time integral of G, 
 
                         M+(t)  =   ( ){ }∫ ∫∞
∞−
′′− rdtdtGrirM t rrrr
00
exp)( γ                           
                                    =  .                                         [2.2.25]  ( ){ }∫∞
∞−
− rdrtkirM rrrr exp)(0
                                             
This equation defines the basic Fourier relationship between the NMR signal obtained in the 
time domain in the absence of an rf field Brf and the spin density M0 (r) by introducing the 
wave vector k as the Fourier conjugate variable to the space coordinate r  
 
                                                   k (t) =  −  .                                                  [2.2.26] ( )∫ ′′t tdtG
0
rγ
 
The wave vector is inversely proportional to the wavelength λ by k  = 2π/ λ. Further details 
can be found in [Blü2000, Man1975, Man1988]. 
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Introduction to space encoding 
In order to get an image, the gradients G(t) must be varied in such a way that all values of k 
are sampled which are relevant to the image. The image itself is derived from the Fourier 
transformation of the NMR signal (eqn. 2.2.25). There are actually two ways to encode the 
space information to the NMR signal (Fig. 2.2.4) [Kum1975].  
 
 
 
Fig. 2.2.4 [Blü2000]: Phase and frequency encoding of the NMR signal (RX: receiver) 
following an rf excitation pulse (TX: transmitter). The space information in the y direction is 
encoded in the signal phase by a gradient pulse Gy, of length t1. The phase-modulated signal is 
acquired at discrete time intervals ∆t2 in the presence of a gradient Gx, which encodes the 
space information in the x direction in the frequency of the signal. 
   
Initially, the gradients can be turned on to a constant value Gx during data 
acquisition. In this case, kX scales with the acquisition time t2 , and the space information 
in x direction is frequency encoded. Second, the gradient Gy can be turned on for a fixed 
time t1, before data acquisition to yield a certain value of the gradient integral ky at the 
start. In this case, the space information in y direction is encoded in the phase of the signal 
acquired during t2, and the experiment needs to be repeated for different initial phases 
obtained by varying G for fixed t1. This approach to space encoding is known as spin-warp 
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imaging. It is less sensitive to the effects of magnetic field inhomogeneity, relaxation, and 
spin interactions than the alternative approach of varying t1 at fixed G [Ede1980]. By 
suitable combination of both, phase encoding in one dimension (y in Fig. 2.2.4) and 
frequency encoding in other dimension (x in Fig. 2.2.4), a two-dimensional image can be 
obtained.  
 
NMR-spectrum 
The experimental pulse response M+(t)  (cf. eqn. 2.2.22) acquired in the absence of a field 
gradient is Fourier transformed to obtain the NMR spectrum, 
 
                          S(ω) =                                [2.2.27]  ( ) { } ( ) ( )ωωω VUdttits +=−∫∞
0
exp
 
U(ω) and the V(ω) are the real and the imaginary parts of the spectrum given by  
 
                                                     U(ω) =   M0 sin α A (ω)                                              [2.2.28] 
 
                                           V(ω) =   M0 sin α D (ω)   .                                          [2.2.29] 
 
Here ω denotes the frequency axis of the spectrum, while Ω0 is the precession frequency of 
imaginary parts A(ω) and D(ω), denote the absorption signal and the dispersion signal, 
respectively (Fig. 2.2.5).  
 
                           A(ω) =  ( )2022
2
/1
/1
ω−Ω+T
T   ,      D(ω) =  ( )2022
0
/1 ω
ω
−Ω+
−Ω
T
  .           [2.2.30] 
 
In NMR spectroscopy, the absorption part A(ω) is actually displayed and is referred as the 
phase sensitive spectrum. The line width ∆ω1/2  at half height of A(ω) is determined by T2, 
 
                                                      ∆ω1/2  =  
2
2
T
  .                                                             [2.2.31] 
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Fig. 2.2.5: The complex Lorentz line. (a) Absorptive real part A(ω). (b) Dispersive imaginary 
part D(ω). 
Alternatively, the magnitude spectrum | A(ω) + i D(ω) | can be displayed.  Lorentz 
lines are commonly observed in the liquid state. In solid state NMR of abundant nuclei 
Gaussian  lineshapes  are  found  most frequently. In practice, the transverse magnetization 
M+(t) is detected with an instrumental offset φ0 with respect to the phase of the rotating 
coordinate frame. Further details can be found in [Blü2000]. 
 
2.2.3 Pulse sequences and Echoes 
 Generally a signal which initially disappears with time and then reappears later is called an 
echo. In spectroscopy, the echo is usually associated with a reversal of time, so that the 
reappearing signal can be understood in terms of time running backwards for a sufficiently 
isolated ensemble of molecules or spins [Blü1990]. Many echoes have been discovered after 
the original two-pulse Hahn echo [Hah1950]. For example, the solid echo, the alignment 
echo, the magic echo and rotational echoes. These echoes are exploited for line narrowing in 
solid-state NMR spectroscopy, for NMR imaging, and for generation of parameter contrast.  
 
Hahn Echo 
The Hahn echo is generated by two pulses separated by a time interval tE/2  as shown in Fig. 
2.2.6. The initially applied pulse is the 90  pulse generating an FID signal. Just after the 
pulse all transverse magnetization components are precessing with almost same phase. The 
magnetization undergoes coherent rotation.  As a result of differences in the local magnetic 
fields, the coherence of the rotation is lost. Due to this different magnetization components 
accumulate different precession phases with time. Therefore, the vector sum of all 
magnetization components eventually vanishes. But as long as the precession frequency of 
each magnetization component remains unchanged, a simple permutation of fast against slow 
0
y
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components will generate a reoccurrence of the signal after another time, tE/2. This is 
achieved on a circular path by a 1800 phase jump, which is the result of 1800 pulse applied 
along an axis perpendicular to that of the first 900 pulse. Hence starting from first pulse, an 
echo of the FID signal will appear after a time corresponding to twice the pulse separation 
tE/2. This time is known as echo time, tE. An echo with negative amplitude is obtained if both 
pulses are applied with the same phase. For description right hand rule is used here in Fig. 
2.2.6. The amplitude aH of the Hahn echo as a function of the echo time tE is used to measure 
T2, 
                                             aH (tE)  =  M0 exp 


−
2T
tE  .                                                  [2.2.32]  
 
 
 
Fig. 2.2.6: Two pulse Hahn echo. 
 
 
In the middle of Hahn echo, all magnetization components are refocused although the 
precession frequencies differ because of different shielding of the magnetic field B0 and 
inhomogneities in the static magnetic field. Therefore, the Hahn echo can also be observed in 
the presence of a magnetic field gradient. The measurement of T2 by generating echoes can be 
accomplished in a single shot if the magnetization is repeatedly refocused [Car1954].  In 
liquids, rapid refocusing attenuates the effect of molecular diffusion into different regions of 
an inhomogeneous magnetic field.  
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Multi-echo pulse sequence 
On exact resonance in an inhomogeneous field, the 90  pulse yields an FID along y with a 
time constant T
0
x
2* (Fig. 2.2.7) [Fuk1981]. At a time tE later, a 180  pulse is applied and the 
echo maximum occurs at two t
0
x
E, because the time required for rephasing the spin isochromats 
equals the time it took for dephasing. Since the spin echo arises from magnetization that has 
regrouped along the −y axis, the echo will be inverted compared to the FID. One more 1800 
pulse  at time 3tE/2 will result in another echo at time 2 tE and this will be right side up. One 
can continue to apply 1800 pulses with a spacing of tE with echoes occurring between each of 
the pulses. The left hand rule is used here for the description of Fig. 2.2.7 and 2.2.8.This spin 
echo train is called a Carr-Purcell spin echo train [Car1954]. The echo amplitude maxima 
should decay with the time constant T2, the intrinsic spin-spin relaxation time, which is the 
time duration it takes for the magnetization to decay in the xy plane in the absence of any 
external field inhomogeneity. 
 
Fig. 2.2.7: Carr-Purcell pulse sequence (1954). 
 
The measured T2 values obtained by Carr-Purcell echo trains are in practice too short 
due to cumulative errors of each pulses not being exactly 180 pulses and of B1 inhomogeneity 
which spreads out the magnetization in a plane containing B0 and B1. These errors can be 
compensated by alternating the phase of each 1800 pulse by 1800 phase shifts as shown in Fig. 
2.2.8. The first 900 pulse occurs with the rotating B1 field along the rotating x-axis. However, 
the first 1800 pulse would have its rotating B1 field along the –x axis. The second 1800 pulse 
would have the rotating B1 field along the rotating x axis and so on. Thereby, any pulse length 
errors are cancelled on alternate echoes. 
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Fig. 2.2.8: Modified Carr-Purcell echo. 
      
 Meiboom and Gill modified the Carr-Purcell sequence for measuring the long T2’s 
and this technique is know as CPMG multi echo pulse sequence. In this method all the 1800 
pulses in the train are phase shifted with respect to the initial 900 pulse, i.e., if the 900 pulse is 
along y, the 1800 pulses are along ± x [Mei1958]. Now all the echoes form along the B1 for 
the 1800 pulses in the rotating frame regardless of the exact tip angle (Fig.2.2.9). CPMG 
echoes differ from the CP echoes in their having the same sign since the echoes are always 
formed along the same direction in the rotating frame. The CPMG sequence is specifically 
useful for determining the spin-spin interaction time T2. Long T2 values requiring CPMG 
measurements usually contain information about very slow motions of the molecules 
containing the nuclei.  
 
 
           Fig. 2.2.9 [Blue2000]: CPMG pulse sequence. 
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Just like the Hahn echo, the solid echo can also be generated repetitively in a CPMG-
like fashion. But here instead of linear interactions, bilinear interactions are refocused (Fig. 
2.2.10). With second and successive echoes of the multi-solid echo sequence, a multi-pulse 
line narrowing effect is observed. In terms of a minimum cycle time, the line narrowing effect 
sets in after four times the separation τ of the first two pulses. For this reason the sequence is 
referred to as OW4 sequence for Ostroff and Waugh [Ost1966] or MW4 for Mansfield and 
Ware [Man1966, Man1968].  
 
 
                                Fig. 2.2.10 [Blü2000]: OW4 pulse sequence. 
 
The line narrowing effect can be explained by the action of an effective lock field of 
strength B1eff which changes the transverse relaxation to a relaxation effective in the rotating 
frame. This relaxation time is referred to as T2e or effective relaxation time. Since T2e is longer 
than T2, the signal is preserved for a long time, which is equivalent to line narrowing. The 
signal is observed stroboscopically at the echo maxima in between the refocusing pulses, 
which is quite typical of multi-pulse NMR.      
 
Multiple quantum NMR 
The macroscopic mechanical properties of elastomer materials are inherently connected to the 
segmental mobility of the intercross-link chains [Blü2000]. At about 900 above the glass-
transition temperature the rate of segmental motion is much faster than the strength of the 
homonuclear dipole-dipole interaction among the protons on a rigid chain. But the motion of 
the intercross-link chains is anisotropic, because the chains are attached to more or less 
immobile cross-links, so that residual dipolar couplings result for the protons of the chemical 
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groups on a chain. The residual dipolar couplings scale with the cross-link density. They can 
be probed by simple transverse relaxation times or multi-quantum NMR.  
 
 
Fig. 2.2.11 [Blü2000]: Spectrum (a) and energy level diagram (b) of two coupled spins ½, A and X. 
The arrows indicate the orientation of the magnetic moments in the magnetic field. The continuous 
lines connecting the energy levels correspond to observable single-quantum transitions. The broken 
lines indicate forbidden multi-quantum transitions. The splitting of the resonance lines gives the 
strength JAX of the interaction. 
 
Multi-quantum NMR coherences are off-diagonal elements of the density matrix 
[Blü2000], which cannot be observed by direct means. Usually they arise in systems with spin 
I > ½ and in systems of coupled spins. For an example, is an ensemble of two spins ½ which 
are coupled magnetically by the through-space dipole-dipole interaction or via the 
polarization of the electrons surrounding the spins. The latter coupling is known as the 
indirect coupling or J coupling. It is one of the most important form of spin coupling 
observed in liquid state NMR. It is expressed by a splitting of the energy levels and, in the 
weak coupling limit of two spins 1/2, by a doubling of lines in the spectrum (Fig. 2.2.11).  
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For such kind of coupled spin system the density matrix can be conveniently expressed 
in the product space of the eigenfunctions of the IZ operators of the uncoupled spins. 
Denoting the eigenfunctions for the spin-up and the spin-down states as |α> and |β>, 
respectively, the following eigenvalue equations are valid for each of the coupled spins, 
                                Iz αα 2
1=    ,        Iz ββ 2
1=                                     [2.2.33] 
 
where ½  and –½ are the values of the magnetic quantum number m for these states. The 
product functions are written as |αα>, |αβ>, |βα>, and |ββ>, where the first function refers 
to spin A and the second to spin X. In the limit of weak coupling they approximate the 
eigenfunctions of the Hamilton operator. In the following, they will be used to number 
rows and columns of the density matrix in the sequence given above. Thus, the density 
matrix has 4 × 4 elements in this case. The magnetic quantum number m of the coupled 
spin system is given by the sum of magnetic quantum numbers of the individual spins, m 
= mA + mX. Hence the magnetic quantum number of a coupled spin pair can assume the 
values l , 0, and -1, where zero appears twice, initially for the |αβ> and then for |βα> 
where theses states differ only very little in energy so that the same magnetic quantum 
number applies in zeroth order.  
The possible coherence orders p = mf – mi are, therefore,  ±2, ±1, and 0. A 
transition, where only one of the two coupled spins changes its orientation, is a single-
quantum transition, because m changes by ± 1 (Fig. 2.2.11(b)). They are directly 
observable and can be assigned to the resonance lines in the NMR spectrum. Transitions, 
where more than one spin flip simultaneously are multi-quantum transitions. For the 
double-quantum transition (p =± 2) both spins flip in the same direction, for the zero-
quantum  (p = 0) the flipping takes place in opposite directions. Multi-quantum transitions 
can only be observed indirectly by a modulation of the detected signal with the phase of 
the multi-quantum coherence. This modulation is achieved in an experiment by variation 
of an evolution time prior to detection. Repetitive detection of the signal for different 
evolution times provides the information about the evolution of the multi-quantum 
coherence. The indirect detection of spectroscopic information based on phase or 
amplitude modulation of the detected signal is the principle of multi-dimensional NMR 
spectroscopy [Ern1987]. Hence multi-quantum NMR is a special form of two-
dimensional NMR. The easiest technique to excite and detect the multi-quantum coherences 
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uses a time reversal method based on the non-selective three-pulse sequence [Mun1987] 
(Fig. 2.2.14).  
The measurements of residual dipolar couplings in elastomer system is desirable 
because they reflect the hindrance to molecular motions by the cross-linking, topological 
constraints and the external factors like mechanical stress [Sch1999]. Residual dipolar 
interactions are reflected in different ways in the various NMR parameters. In this context 
dipolar-encoded longitudinal magnetization  NMR decay curves, double-quantum and triple 
quantum NMR buildup intensities for measuring the residual dipolar couplings, and the 
associated dynamic order parameters are usually measured and correlated with the 
information based on molecular structure and segmental molecular motion. Moreover, the 
static dipolar interactions or interactions partially averaged by molecular motion can be 
used to probe connectivities [Gra1998], to measure internuclear distances [Gra1997, 
Got1995], molecular torsional angles [Sch1996], the relative orientation of neighboring 
molecular groups [Gre1997a], and dynamic order parameters [Gra1998].  
The cross-linked elastomer exhibit both liquid and solid like features in view point 
of NMR. The time scales of molecular motion becomes liquid like at temperatures well 
above the glass transition temperature.   However, due to the presence of permanent cross-
links and topological constraints prevents the chain motion from being isotropic. Thus, 
anisotropic spin interactions such as dipolar and quadrupolar interactions are not completely 
averaged out and give rise to solid-like NMR properties [Sot1996]. The residual dipolar 
couplings within and between the functional groups are evaluated selectively from the 
buildup curves of the DQ (Double Quantum) in the limit of the spin-pair approximation. In 
all cases, the measured residual couplings are found to be sensitive to the cross-link density 
and can be correlated viscoelastic properties such as the shear modulus.  
The dipolar-encoded longitudinal magnetization decay curves for three samples A, B 
and C (isoprene rubber with different cross-link densities) are shown in Fig. 2.2.14 in the 
full range of cross-link densities [Sch1999]. The LM decays for the full range of excitation 
times are encoded by the intra- and intergroup dipolar couplings as well as by transverse 
relaxation during dipolar-encoding times. In the short-time regime, the dipolar-encoded LM 
decays display a linear dependence in τ2 [Fig. 2.2.12(b)]. This dependence shows that the 
effect of transverse relaxation during dipolar-encoding periods can be  neglected in a good 
approximation. For longer dipolar-encoding times, a deviation from this dependence arises 
which is more pronounced with increasing cross-link density. The high signal-to-ratio of the 
signals permits accurate measurement of the effective residual dipolar couplings Deff from 
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Fig. 2.2.12 [Sch1999]: (a) 1H dipolar-encoded longitudinal magnetization decay curves for a series 
of synthetic polyisoprene samples with different cross-link densities (samples A, B, C: 40% 
dicumylperoxide (DICUP) on kaolin). The decays have been recoded using the pulse sequence 
given in Fig. 2.2.12. The dependence on dipolar-encoded times τ in the full time domain is shown. 
(b) The initial time behaviour of dipolar encoded magnetization decays exhibits a linear dependence 
in τ2 (solid lines). 
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Fig. 2.2.13 [Sch1999]: 1H DQ buildup curves for a series of synthetic polyisoprene samples with 
different cross-link densities. The buildup curves have been recorded using the pulse sequence given 
in Fig. 2.2.14. (a) The signal dependence on excitation and reconversion times τ for the full time 
domain. The DQ signal were normalized to the integral intensity of the SQ NMR spectrum for each 
sample. (b) The initial time regime of the DQ buildup curves for samples A and F together with the 
simulated curves including transverse relaxation (continuous lines). 
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τ2  dependence. The main contribution to the Deff is given by the methylene and methyl 
protons. The sensitivity of LM decays to residual dipolar couplings in the initial time 
regime is higher compared to that of MQ buildup curves due to contributions from both CH2 
and CH3 groups as well as intergroup coupling. 
DQ buildup curves for the same samples have been measured using the pulse sequence 
shown in Fig. 2.2.14. The buildup curves are shown in Fig. 2.2.13 for the full range of 
excitation times τ . The DQ buildup curves should show plateau at longer excitation times 
[Sch1999]. This is not the case , and the decay part of the DQ signals arises from : (i) the 
transverse relaxation during excitation and reconversion times and (ii) from the excitation of 
high-order MQ coherences in the dipolar network of coupled protons. The first process is 
dominant in elastomers. The systematic dependence of the DQ-filtered signal intensity on the 
cross-link density is very clear in Fig. 2.2.13(a).  The buildup curves of double quantum 
coherences are steep in the initial part for strong dipole-dipole interactions. 
 
Fig. 2.2.14: General scheme for filtering NMR signals according to dipolar encoded LM and MQ 
coherences. This scheme is similar to a two dimensional MQ experiment but it is used with fixed 
evolution time t ,  and variable, but equal, excitation/reconversion times τ . (b) A five-pulse sequence 
with an arbitrary pulse flip angle θ, supplemented by 2θ pulses to measure dipolar encoded LM 
(longitudinal magnetization) and DQ (double quantum) filtered signals with variable excitation / 
reconversion times. The evolution time t 1 ,  is kept short and constant and a 2θ pulse is applied at the 
middle of this interval for partially refocusing the DQ coherence evolution under inhomogeneous 
Hamiltonians. This pulse is applied in the middle of the t 1  interval in alternative scans for dipolar 
encoded LM experiments. The z filter is represented by the last θ pulse of the reconversion period and a 
free evolution period of duration τ. The detection in strongly inhomogeneous magnetic fields is achieved 
by a Hahn echo. 
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In this case the excitation and reconversion periods are equal and the efficiency in 
pumping the multi-quantum coherences is increasing in the initial excitation / reconversion 
time regime. Thereafter, a build-up curve is recorded for which a maximum is obtained as a 
result of the competitive effects of pumping multi-quantum coherences and transverse 
relaxation of single-quantum coherences [Sch1999]. 
A new technique which records double quantum decay curves having a starting point 
at the maximum value of the excited double-quantum coherences has been tested in the 
inhomogeneous field of the NMR-MOUSE. The spin system response to the mismatched 
excitation / reconversion pulse sequence (MERE) as shown in Fig. 2.2.15 used for 
excitation and detection of MQ coherences gives a DQ decay curve by incrementing the 
delay τ′ and setting the parameter τ to the maximum of the double-quantum build-up curves. 
This method results in an improved accuracy for the measurements of the ratio of total 
residual dipolar couplings.  
 
 
Fig. 2.2.15: (a) Schematic representation of the experiment for mismatched excitation and 
reconversion of MQ coherences used for recording multi-quantum decay curves decay curves. 
The excitation time τ and the evolution time t1, are kept fixed and only the mismatched 
reconversion time τ is varied. The parameter τ is set to the maximum of the DQ build-up 
curves. (b) A five-pulse sequence with an arbitrary flip angle θ, supplemented by 2θ 
refocusing pulses for measuring DQ-filtered coherence decay curves. The evolution time t1, is 
kept short and constant and a 2θ  pulse is applied at the middle of this interval for partially 
refocusing the coherence evolution under inhomogeneous Hamiltonians. 
 
The experiments were conducted at the different location in the same silicone rubber 
samples (to discriminate the different regions of electrical tree and nearby regions in the 
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sample) prepared at IHFT (with electrical tree generated inside by application of high 
voltage as mentioned in chapter 3). These results were compared with the sample without 
electrical trees. Experiments were also conducted on the industrial cable samples with 
different cross-link densities showing the sensitivity of the double-quantum build-up and 
decay curve [Wie2001].  
 
2.3 Technical Elastomers and Porous Media 
Elastomeric materials are of great importance because of their wide application in  industry. 
Examples are the chemical industries, power industries, steel industries, mining industries, 
etc. Therefore, there is a great demand to improve the development and production 
technology to obtain the best elastomeric materials. Since technical elastomers have quite 
complex structures, there is a need for improved analysis procedures. Elastomeric materials 
can be considered as a special type of non-static porous media, characterized by networks of 
mobile polymer chains where fluids can diffuse. One of the best examples of technical 
elastomers is rubber which has been subjected to detailed investigations by several NMR 
techniques [Lit2000]. Methods depending upon dipolar correlation effect measurements and 
contrast filters for NMR imaging of the residual 1H dipolar coupling have been introduced as 
new techniques for elastomer characterization [Blü1999]. 
  
2.3.1 Rubber Elasticity 
The most popular elastomer system are based on polymers containing unsaturated 
structural units in the polymer backbone. For instance, for the production of car tires, 
natural rubber (NR, polycis-1,4-butadiene) and the synthetic styrene-co-butadiene 
rubber (SBR) are preferred. Fig. 2.3.1 shows the important structural units of both 
polymer.  
The cross-linking of a rubber converts the plastic raw mixture into the 
elastomeric rubber network. Cross-linking is usually realized by connecting the 
unsaturated positions of the backbone or side groups of different polymer chains to each 
other, i.e. by introduction of sulfur bridges and the mixing and curing conditions in the 
presence of additional compounds during vulcanization.  For example, sulfur/stearic 
acid/ZnO and accelerator, usually TBBS (benzothiacyl-2-tertiory butylsulfenamide). An 
alternative cross-linking system is based on radical generators like DCP (dicumyl 
peroxide) which results in  a direct C-C connection on the polymer backbone. Fillers are 
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Fig. 2.3.1: The important repetitive molecular structural unit present in SBR and NR rubber. 
(a) styrene monomer unit, (b) trans-buta-2,3-diene monomer unit, (c) cis-buta-2,3-diene 
monomer unit, (d) 1,2-butadiene monomer unit, (e) cis-1,4-isoprene monomer unit. Figure (b), 
(c), and (d) are the different possibilities of the butadiene monomer unit in the poly(styrene-
co-butadiene) rubber. NR is the natural rubber. 
 
next among the components present in technical rubber. They are applied as they offer a 
cheap substitute for part of the elastomer system, but furthermore they have a positive 
influence on almost all properties of rubber, i.e. increase mechanical stability and a 
higher resistance against oxidation.  
Generally most polymeric or macromolecular systems undergo thermal 
transitions from a solid, rigid and glassy state to a melted viscous system. The 
temperature at which this transition takes place is called the glass transition temperature 
Tg. Depending on the individual polymer system these temperatures vary over a large 
range from ≤ -70°C to ≥ 100°C. Cross-linked polymer systems with a glass transition 
temperature below their temperature of use are known as elastomers. They are described 
by the presence of permanent cross-links. When a low strain is applied a reversible 
deformation is observed for these macromolecular system above the Tg and this 
behaviour is known as rubber elasticity as it was first observed in natural rubber. The 
cross-linking conserves the elasticity at all time and the deformation becomes reversible 
when the strain is removed.  In non-cross-linked polymers this is only valid for short 
durations of time and generally followed by an irreversible plastic deformation of the 
material.  
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 The elasticity of the rubber can conveniently be described by Kuhn’s ‘random coil’ 
model [Kuh1934]. From this model the polymer particle is build up by the addition of 
statistic segments Am0 whose length depends on the conformational flexibility of the 
respective polymer backbone and is not identical to the repetition unit of polymer 
[Vol1988]. Further segments are added in the sense of a random walk [Gas2000]. The 
random coil formed by a polymer chain is characterized by the average distance of its end 
points     h 20 = 0max mAL ⋅ , where Lmax is the total length of the chain. Within the limit 
of the so called affine model a macroscopic deformation reflects the deformation of the 
random coil formed by a polymer chain. The deformation forces the coil to assume a 
conformation less probable than that of the thermodynamic equilibrium conformation, 
leading to a change of ho. Following the theory of Boltzmann, the entropy of a state is 
proportional to the logarithm of its probability p, 
 
                                                     S = k ⋅ ln p  ,                                                         [2.3.1] 
 
where k is the Boltzmann constant. Within the limit of Kuhn model, the probability to find 
the end of chain at the distance h around the starting point is given by a Gaussian 
distribution around the average distribution  20h  of the chain ends, 
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The situation in elastomers becomes quite different when permanent cross-links are 
present. On the one hand all chains are connected by these cross-links to one giant 
molecule. On the other hand these cross-links again divide this molecule into so called net 
chain segments. Within the limits of the affine model the position of the cross-links is 
considered to be fixed. In a non-deformed state the ideal network is a system of self-
contained ring chains having no ends. Only in the moment of a deformation, the cross-
links start to act as end points of the inter-cross-link chain resulting in a stretching of the 
net chain coils [Vol1988]. Hence, in the following the average chain end distance,    h 20  
is identified with the length of the end-to-end vector of two cross-link positions. A 
unilateral deformation lx/l0,x leads to a shift of the length of the end-to-end vector from  
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2
0h  to the less probable value 
2h  From the affine model the deformation can be expressed 
by  
 
                                 lx/l0,x  = 2h  /     h 20    =   λx  .                                       [2.3.3] 
 
 
 
 
Fig. 2.3.2 [Gas2000]: (a) Stress-strain curve for a carbon-black filled SBR. The dashed line represents 
a fit of experimental result following equation 2.3.5. (b) Illustration of a mechanical shearing 
experiment.  
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Total volume of the sample remains constant during the deformation. Hence, due to 
the change in the entropy of the system the free energy of the system is changed. The 
force needed for this deformation is given by the derivative of the free energy at constant 
volume with respect to λ, 
                                   [ ] λλλλ dpdTkd
dST
d
Adf
VT
/)(ln
,
−=⋅−=


 ∆=                      [2.3.4] 
 
If we consider that only 1/3 of the net chain segments are stretched by a unilateral 
deformation, then eqns.  2.3.1 and 2.3.2 results into 
 
                                               

 −= 21λλTkNf k                                                     [2.3.5]  
 
where Nk is the number of chain segments within a unit volume. For larger values of the 
Nk the stress-strain curve becomes a straight line (1/λ2 << 1).  Figure 2.3.2a describes the 
stress-strain curve for a SBR rubber containing carbon black. When the value of λ is 
larger a strong deviation from the theoretical behaviour [eqn. 2.3.5] can be seen.    
Equation 2.3.5 is generally valid only for a network showing a Gaussian 
distribution of the end-to-end vectors (eqn. 2.3.2). This is valid only for low values of λ, 
while for higher values the Gaussian distribution of the end-to-end vectors is not realized 
anymore. Further details can be found in  [Tre1975]. A relation similar to the one shown 
in eqn. 2.3.5 for a universal train can be found for a shearing deformation. The stress 
induced by this shearing of the sample is given by  
 
                                                    γγσ ⋅=


 ∆= G
d
Ad
VT ,
,                                           [2.3.6] 
 
where γ = tan θ. The angle θ and the mechanical shearing experiment is shown in Fig. 
2.3.2b. From the figure it is clear that stress induced is directly proportional to the shear 
force applied.  
 The shear modulus G is introduced here as a proportionality constant, and is related to 
the cross-link density of the material. According to eqn. 2.3.5 G is given by  
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                                                         G = Nk   k  T                                                              [2.3.7] 
 
Since   Nk . Mc = ρ. L [Fül1996], where Mc is the molecular weight of the net chain segment, ρ 
is the density of the elastomer network, and L is the Loschmidt constant in [mol-1], we get 
 
                                             G  =   ρ R T  /  Mc   ∝  1 / N .                                                [2.3.8] 
 
The equation mentioned above is the basic relation for the mechanical determination of the 
cross-link density, usually given in the reciprocal number of statistical segments 1/N of the 
respective polymer [Vol1988, Eli1990, Flo1953]. 
 The rubber elasticity is entropy elasticity as opposed to the energy elasticity present 
for example in metals. Therefore, when a strain is applied to a elastomeric rubber sample it 
results in sample heating opposite to the isothermal behaviour as found in energy-elastic 
materials. Visco-elasticity is an another term which describes a frequency or time dependent 
combination of viscous and elastic properties present in a material. It is usually measured by 
oscillating stress-strain experiments at different frequencies detecting the response of the 
material. While at zero and low frequencies a visco-elastic material behaves like a viscous 
liquid described by Newton’s law  
 
                                                       
td
dγησ =  ,                                                                   [2.3.9] 
 
where η is the viscosity. At high frequencies a pure elastic behaviour is found according to 
Hook’s law (cf. eqn. 2.3.6), 
 
                                                           γσ G= .                                                                [2.3.10] 
 
To describe in a quantitative way, a complex shear-modulus composed of two frequency 
dependent moduli is introduced 
 
                                                 ( ) ( )ωω GGG ′′+′=*                                                        [2.3.11] 
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Hence the response of the system is found by ( ) ( ) ( )tGt γωσ ⋅= . Beginning from an oscillating 
shear deformation, ( ) ( )ωγγ it exp0 ⋅=
( )({
, a frequency dependent phase shift of the stress is 
noticed,  ( ) )}ωδωσσ +tiexp=t 0 . In a further step the stress response is separated in an 
elastic part, following the shear without phase shift, as well as a liquid component following 
the shear with  a 900 phase shift.  
                                                    
                ( ) ( )tt visel σσσ +=                                                        [2.3.12]    
  
                                                        = ( ) ( )
dt
tdtG γηγ ⋅+⋅′                                               [2.3.13] 
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The two components are assigned to the axes of a rectangular coordinate system, and the 
phase shift δ is given by  
                
                                                                  ( ) ( )( )ω
ωωδ
G
G
′
′′=tan     .                                     [2.3.15] 
 
During a deformation, the energy introduced is stored by the elastic part of σ, while it is 
dissipated by the viscous part. Thus, the moduli G′ and G′′ are called storage and loss 
(dissipation) modulii, respectively. The factor tan δ is known as the dissipation factor.  
 The characterization of the elastomeric materials is described in more detail in chapter 
3. There different NMR techniques are mentioned by which different elastomers can be 
analyzed.   
 
2.3.2 Porous Media 
The microstructure of a porous system is an important characteristic of that material which 
determines not only its mechanical properties but also the transport properties [Mil1998]. For 
example, for cement and concrete the porosity is strongly correlated with strength, and the 
permeability and the rate at which ions and gases diffuse through the material are of great 
importance for durability. Nuclear magnetic resonance (NMR) relaxation measurements have 
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been shown to be a sensitive probe in the study of the microscopic structure of porous media 
[Dav1990]. Since NMR is nondestructive, noninvasive, and inexpensive  it is considered to be 
an attractive technique for such materials.   
An important target in the study of porous materials is the reliable estimation of pore-
size distributions (PSDs). PSDs are of particular interest in the development of models for the 
prediction of petro-physical parameters such as the permeability and capillary pressure curves 
of rock samples from oil reservoirs. The NMR spin-spin relaxation behaviour of a fluid like 
water confined within a pore is sensitive to both pore geometry and pore size and hence may 
yield much useful information when  related to the PSD via an appropriate mathematical 
model [Bro1979].  
The majority of the porous samples like rocks conforms with the fast diffusion or 
surface-limited relaxation [Blü2000] (cf. chapter 3). In this regime, the rate-limiting step is 
relaxation at the surface, for example by translation diffusion. Thus the spins experience a 
rapid exchange of environments so that the local fields in each region of a pore are averaged 
to their mean value. As a result, a single exponential relaxation decay is observed for a given 
pore, and the rate of magnetization decay does not depend on the pore shape but only one the 
surface-to-volume ratio. Since there are different sized pores, the magnetization decays can be 
expressed as sum of exponential terms. Assuming the constant surface relaxivity, the 
spectrum or the distribution of relaxation times is a direct map of the pore-size distribution. 
The inversion of these relaxation curves is not good and an inverse Laplace transformation for 
the distribution of relaxation time is unstable and not unique in most cases. Therefore, 
sophisticated regularization methods like the CONTIN algorithm [Pro1982], a regularized 
LaPlace transformation given by UPEN algorithm [Bor1998a, Bor1998b, Bor2001], etc. 
(chapter 4) need to be applied [Dav1990, For1995, Kle1994]. Each pore contributes to the 
total signal intensity with its own transverse relaxation time  
 
                                     M (t)  =  ∑ 
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where T2,i is the transverse relaxation time of the ith pore and Mi is the intensity of the ith pore. 
The summation over all pores can be transformed into an integral [Jeh1995], 
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This equation is the Laplace transform of the probability distribution P(T2) of the relaxation 
times. Since T2 scales with the surface-to-volume ratio, this distribution P(T2) can be 
transformed into a pore-size distribution P(a). Thus, taking the inverse Laplace transform of 
M(t)/M0 leads to P(T2) and therefore also P(a). 
 
According to the theory of fast exchange [Hal1989], the relaxation rate of a single pore 
is a weighted average of the surface-liquid relaxation rate 1/T2s and the relaxation rate 1/T2b of 
the bulk liquid,  
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111 +=  ,                                          [2.3.18] 
 
where Vb and Vs are the rapidly exchanging volumes of bulk and surface liquid, and V = Vs + 
Vb. The surface volume can be approximated by the product of a local liquid surface area S 
and the liquid depth λ. The liquid within this shell near to the pore surface has a short 
relaxation time T2s, and the other liquid has a long relaxation time T2b. According to eqn. 
2.3.18 the initial relaxation rate is then proportional to the average surface-to-volume ratio 
experienced by the diffusing molecules [All1997, Boo1998]. 
 
 The other limiting regime is called slow-diffusion or diffusion-limited regime where 
the decay of magnetization is controlled by the transport of molecules to the surface. It arises 
when the pores are large or relaxation is fast. Then the relaxation rates can be correlated to 
parameters of the pore structure [Bor1996, Bor1997]. For example, the proton T2 relaxation 
times of liquids like water vary according to their location within the pores. When 
susceptibility effects are eliminated with the help of echo techniques, in the centres of large 
pores the relaxation times approach those of the bulk liquid, while the relaxation times of 
molecules near the surface of the pores are much shorter, often by several order of magnitude. 
Further details can be found in chapter 4 about the NMR relaxometry and PSDs. 
 
2.4 NMR Mobile Sensors 
Unilateral NMR or inside-out NMR denotes the specific type of NMR where the spectrometer 
sits inside the sample and not the sample inside the spectrometer [Kle1996]. The NMR-
MOUSE is one of these mobile sensors for unilateral NMR of materials suitable for process 
and quality control. The geometry of such unilateral NMR used in borehole investigations, 
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which are of considerable importance in oil well logging and drilling [Coa1999, Woe2001]. A 
natural extension of inside-out NMR is its applications to the analysis of materials and to 
process and product control  [Jac1980, Mat1995], which is often referred to as single-sided 
NMR (or unilateral NMR) exploited first by Southwest Research Institute (SRI). A systematic 
investigation of measurement methods and applications followed in the mid 90ties referring to 
the NMR-MOUSE® (mobile universal surface explorer) as a handheld mobile sensor for 
unilateral NMR [Eid1996, MOUSE]. It was demonstrated that the relaxation times T1, T2, and 
T2e, can be measured by single and multi Hahn echo techniques as well as their solid-echo 
counter parts and also self-diffusion coefficients [Bal2000]. In general, the relaxation times 
probe molecular mobility and residual dipolar couplings indicative of chain stiffness in 
elastomer materials. However, in multi-echo trains, the echo amplitude depends on the sample 
geometry if the dimensions of the sample inhomogeneities are smaller than the sensitive 
volume of the sensor, so that relaxation times determined in strongly inhomogeneous fields 
may differ from those determined in homogeneous fields. The  self-diffusion coefficient D 
and multi-quantum signals (Wie2001) can also be acquired.  
 In macroscopically ordered materials like tendon and strained rubber, the angle 
dependence of these signals provides information on the orientational distribution function 
[Hak2000]. Moreover, fluid and granular flow can be characterized non-invasively although 
the determination of velocity distributions remains a challenge in the time-invariant 
inhomogeneous fields of the NMR-MOUSE [Blü2001a]. Recently is has been shown, that 
even spectroscopy of the chemical shift may eventually be realized by unilateral NMR in 
matching the gradient fields of B1 and B0 [Mer2001]. 
 In a development paralleling the use of NMR for borehole analysis, unilateral NQR 
was developed in Kaliningrad for the detection of landmines [Anf2000]. This work was then 
extended to the detection of explosives and narcotics at airports, which has become a major 
commercial and academic activity [Gre1997b, Hib1998]. Furthermore, unilateral magnetic 
resonance is pursued in electron spin resonance (ESR) [Yam1991]. Given the current trend in 
miniaturization and the sensitivity boost by hyperpolarized gas NMR, it can be anticipated, 
that mobile NMR sensors will gain increasing acceptance in product, quality, and process 
control [Pra1999, Blü2000]. As an example different stone and paper samples have been 
tested for the response to the NMR-MOUSE demonstrating potential applications, where 
with the help of data bases to be established, non invasive quantitative damage assessment 
may be performed on objects of cultural heritage.  
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In this section the figure-8 NMR-MOUSE has been described. The design, construction, 
and desirable modification is a collective work of the research team [Anf2001]. More 
emphasis has been focused to measure the historical books containing the degraded papers. 
Later on water containing porous samples have also been investigated with the same NMR-
MOUSE [Blü2003, Sha2003]. 
 
2.4.1  NMR-MOUSE Concept 
For unilateral NMR of materials using the NMR-MOUSE different configurations of magnets 
and different types of RF surface coils can be conceived. Nevertheless, the design of any such 
magnetic resonance instrument will be guided by the following considerations:  
1) A region in the static magnetic field B0 of relative uniformity is desirable but not a 
necessity. 
2) The rf field B1 has to have significantly strong components perpendicular to the static 
magnetic field.  
3) The resonance condition ω0 = γB0 has to be fulfilled in a sufficiently large volume for 
good sensitivity.  
4) A short instrumental dead time is necessary for investigations of fast relaxation 
phenomena like transverse 1H relaxation in glassy polymers and building materials 
with para- and ferromagnetic impurities.  
5) Low weight and mobile design are prerequisites for many applications. 
  Construction details of the NMR-MOUSE depend on the type of NMR applications. In 
the typical NMR-MOUSE probe the static magnetic field is generated by two anti-parallel 
permanent magnets positioned on an iron yoke in the classical horseshoe geometry 
(Mat1995). To obtain a sufficiently high magnetic field strength across the gap rare earth- 
(NdFeB) (SmCo) type magnets are used which possess a residual flux density Br of more than 
1 Tesla. For such permanent magnets the intrinsic induction Bi is approximately equal to the 
field strength By in the magnetization direction at the surface of the magnet. The particular 
data of the magnet material are available from the manufacturer or can be measured with a 
Hall detector. They are needed to calculate the magnitude of the magnetic dipole moment M 
at the surface of the magnet:  M = (Bi • V)/ µ0,  where V is the volume of the magnet in m3, µ0 
= 4π•10-7 H/m, and M is the magnetic dipole moment in Am2. The strength of the magnetic 
field at a distance ‘l’ at an angle ‘θ’ from the dipole ‘M’ in the direction of the dipole is then 
calculated according to B = (µ0 M / 4π)(3 cos2θ -1)/l3. The results of such a calculation are not 
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very accurate at distances smaller than 5 times the largest dimension of the magnet, but it is 
clear from the equation, that the magnetic dipole moment and thus the strength of the 
magnetic field outside the magnet is directly proportional to the volume of the magnet.  
The iron yoke has to short-circuit the magnetic field lines at the bottom of the magnet pair. 
To obtain maximum B0 field strength across the gap the area cross section of the yoke has to 
be the same as the bottom area of one magnet. The surfaces between the magnets and the iron 
yoke need to be as smooth as possible to avoid air gaps in the magnetic circuit. 
 
2.4.2 Solenoidal NMR-MOUSE  
The B0 field just above the gap determines the highest resonance frequency of the rf-tank 
circuit for a desired nucleus at the surface of the NMR-MOUSE. After accurate 
measurement of the magnetic field strength directly above the gap, the resonance frequency in 
Hz of the RF-tank circuit can be calculated as ω0 = γ B0, where B0 is the strength of the static 
magnetic field in Tesla, which varies with the distance y from the surface and γ is the gyro-
magnetic ratio for the nucleus under investigation. 
 
Fig. 2.4.1 [Eid1996]: Schematic drawing of a conventional NMR-MOUSE. (1) Lines of the static 
magnetic field B0. (2) Lines symbolizing the rf magnetic field B1. (3) Iron yoke as part of the magnetic 
circuit. (4) Permanent magnets. (5) Multi-turn solenoidal surface coil. (6) Tuning and matching 
capacitors. 
 
 In the gap between the magnets there is a multi-turn and multi-layer solenoid coil for 
the standard design of the NMR-MOUSE (Fig. 2.4.1). Because the solenoid coil fills most of 
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the gap, there is no space to accomodate the complete tank circuit, and the tune and match 
capacitors are placed underneath the iron yoke. Given this geometry the static polarizing 
magnetic field B0 and the RF field B1 are approximately orthogonal to each other within a 
sizable volume above the coil (Figs. 2.4.1 and 2.4.2a). The simulated profile of the 
dominating z component of the B0 is depicted in Fig. 2.4.2b at a distance of y = 2.5 mm above 
the surface of the coil, together with the associated gradient profile (Fig. 2.4.2c). 
 
 
Fig. 2.4.2: Features of the conventional NMR-MOUSE. (a) Schematic representation of the NMR-
MOUSE geometry. Note the Orientation of the coordinate frame. (b) Simulated profile of the z 
component of the polarizing static magnetic field across the gap. (c) Profile of the gradient component 
Gz. (d) Sensitive volume of a multi-turn solenoidal surface coil. 
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The strength of the polarizing field depends on the space coordinate across the gap in a 
quadratic fashion, and the field gradient is nearly linear. Together with the B1-field 
distribution of the RF coil, an ellipsoidal shape of the sensitive volume is obtained in the 
vicinity of the surface coil (Fig. 2.4.2d). This volume depends on the configuration of the B0 
and B1 fields and is determined by the geometry of the rf coil and of the permanent magnets. 
The advantage of this concept is that limitations of the sample size no longer exist [Blü1998]. 
But apart from a hole in the iron yoke, the length of the connecting wires between the rf coil 
and the capacitors is long and it gives rise to an additional induction associated with probe 
ringing.  It can be alleviated by using a rapidly setting glue to fix the windings of the coil and 
by molding the whole coil with epoxy. Experience has shown, that the use of a PTFE core 
together with only some glue to fix the windings of the coil provides good results for the 
standard NMR-MOUSE. Echo times less then 150 µs can be achieved in this way. 
 
2.4.3 Figure-8 NMR-MOUSE 
As mentioned before with the conventional NMR-MOUSE echo times of less than 150 µs can 
be achieved. For applications requiring much shorter echo times, the design of the NMR-
MOUSE needs to be changed to reduce the dead time. Such a MOUSE (Fig. 2.4.3) is 
described here. The dead time is affected by many parameters like probe ringing, acoustic 
ringing, magnetoacoustic ringing electrostrictive effect, microphone effect etc have also been 
explained. 
 
Quality factor and background 
The sensitivity of the NMR method critically depends on the rf coil design. The 
quality factor Q of the coil enters the signal-to-noise ratio as Q1/2, and the transmitter power 
scales with 1/Q. When constructing an NMR-MOUSE not only the ringing of the rf coil due 
to a high quality factor has to be taken into account, but also external noise and false signals 
from vibrating conductors, from electrostriction, and from nuclei in the insolating materials 
and the glue. All unwanted signals are referred to as “background”.  The duration of the 
background signal following an rf pulse can be longer than the transient NMR signal to be 
acquired. For example, in the first versions of the MOUSE the rf coils were supported by glue 
and epoxy both containing 1H [Blü1998]. Depending on the type of material such background 
signals can still be detectable at 1 ms and longer after rf pulse, which prohibits applications of 
the MOUSE to solid-state investigations. Stray signals from nuclei in the probe materials are 
hard to eliminate completely unless one resorts to the use of plastic sulfur or per-chlorinated 
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materials [Fuk1981]. On the other hand, the presence of background signals was significantly 
reduced in recent designs particularly by using PTFE in positions with higher B0 fields.  
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Fig. 2.4.3: (a) Photograph (top) of the NMR-MOUSE with short dead time and the opened rf box 
(bottom) with a figure-8 meander coil, and tuning and matching capacitors. The box fits into the gap 
formed by the permanent magnets and the yoke. (b) The magnetic field profile of the figure-8 NMR 
MOUSE. 
 
Quality factor and Changes in the RF-Circuit 
In the design of the rf circuit some compromises have to be made in choosing the physical 
parameters of the coil because apart from the capacitance the quality factor Q of the tank 
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circuit is determined by the inductance, i.e., the number of turns and the shape of the coil. A 
large number of turns results in a large inductance and a high Q factor. On the other hand, an 
increase in the resistance lowers the Q value. High Q values provide good signal-to-noise 
ratios but go along with long recovery times following pulse excitation. Some additional 
electronics like Q switches and also phase cycling can be incorporated to lower the associated 
ringing effects and shorten the dead time until the NMR signal can be received. With a high Q 
value it is more difficult to tune the rf circuit to the desired resonance frequency because a 
high Q results in a narrow bandwidth. Thus tunable tuning- and matching capacitors should 
provide more than 20 turns over their capacitance range. 
 
Fig. 2.4.4 Test setup for bandwidth measurement of a tank circuit to determine the quality factor Q. 
 
 A simple way to determine the Q factor and the inductance is to measure the 
resonance frequency (maximum voltage) and the bandwidth of lower and upper frequencies at 
70% down from the maximum amplitude in a parallel RF-tank circuit (Fig. 2.4.4). The linking 
coil, which is connected to the signal generator, should be loosely coupled in order not to 
interfere with the tank circuit. The connection to the oscilloscope for signal amplitude 
measurements should be close to the grounded end of the coil to avoid additional damping of 
the rf circuit. The Q of the rf coil can be calculated as Q = f0 / ∆f, where ∆f = fupp - f low, f0 = ω0 
/2π is the resonance frequency, and ∆f is the bandwidth. The Q factor of the short dead time 
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MOUSE has been determined with such as setup to approximately 30. The inductance L of 
the coil can be calculated from the formula L = 1/ω02 C, where C is the capacitance. 
Changing RF-Coil 
The solenoidal coil used in the standard NMR-MOUSE possesses an inhomogeneous rf field 
which is sensitive to external noise. A figure-8 surface coil arrangement [Tru1994] and shiel- 
 
Fig. 2.4.5: The figure-8 meander coil on a printed circuit board and the rf-tank circuit. (a) Photograph 
of the circuit board with the meander coil. (b) Templates of top and bottom sides. The gray lines and 
circles indicate throughhole connections. (1) Fixed surface mounted to matching capacitors (together 
about 440 pF). (2) Surface mounted tuning capacitors (together about 50 pF). (3) variable match 
capacitor (1-55 pF). (4) Variable tune capacitor (1-55 pF). Each meander coil has an inductance of 200 
nH, while the entire coil has an inductance of L ≈ 1.4 µH. The quality factor of the coil is 
approximately Q = 30 at 20.5 MHz. 
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ded-loop resonators [Sui1998] reduce such interferences, but still are very susceptible for 
acoustic ringing at lower frequencies. Therefore, a planar figure-8 surface coil in a meander 
design (Fig. 2.4.5a) [Anf2001] was realized at the University of Kent, UK and tested with a 
Maran spectrometer from Resonance Instruments. This coil system consists of two counter-
wound meanders, which have properties similar to a regular figure-8 coil. Incoming 
electromagnetic waves induce currents of opposite sign in the two counter-wound coils and 
thus cancel very efficiently.  
 
Fig. 2.4.6: Transverse fields of  a figure-8 meander coil simulated for DC currents using Biot-Savart`s 
law. Left column: B1x(x,z); middle column: B1y(x,z); right column: magnitude│B1xy(x,z)│= 
((B21x(x,z)+B21y(x,z))½ of both transverse components. The rows indicate different distances y from the 
surface of the coil. 
 
In order to increase the inductance the coils are duplicated on both sides of a printed 
circuit board (PCB), hence the entire coil system consists of four meanders in series (Figs. 
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2.4.5b). The coil can be milled or etched from a standard PCB, which allows excellent 
reproducibility and easy mass production, and capacitors can be mounted directly on the 
board. Only a little bit of epoxy glue is used by the manufacturers to fix the copper layer on 
the boards. The base material of a standard PCB is an epoxy-glass resin with a very short T2. 
For extremely sensitive measurements it might be advisable to use copper coated PTFE, in 
order to reduce possible background signals even further.  
The larger size of the figure-8 coil compared to a simple solenoid extends the sensitive 
volume of the NMR-MOUSE. This is shown by a simulation of the transverse components of 
B1 (Fig. 2.4.6). The simulation uses Biot-Savart’s law in a DC approach, which is justified to 
some degree because of the low frequencies employed. The magnitude, 2 21 1 1xy xB B= + yB , 
of the two components orthogonal to B0 exhibits sensitive regions at the center of each 
meander. This has been verified experimentally by scanning a 1 mm3 piece of rubber stepwise 
over the entire coil surface and recording the signal at each position. Fig. 2.4.7 shows the 
result, which is in excellent agreement with the simulation. The sensitive region could be 
enlarged further by chaining more coils in the magnetic gap.  
 
Fig. 2.4.7: Experimental NMR sensitivity map of a figure-8 meander coil produced by stepping a 
small piece of rubber (ca. 1 mm3) via a computer controlled positioning device over the region of 
interest. At each position a NMR signal was obtained. The gray scale reflects the relative intensity of 
the measured signal (white means high intensity). The distance between the coil and the sample was 1 
mm. The region of interest measures 16 x 50 mm2 and was scanned with a step size of 1 mm in each 
direction. The NMR measurement for the assessment of a historical book was performed at 21.5 MHz 
using a spin-echo sequence (90° pulse length = 1.6 µs, 180° pulse length = 3.2 µs). 
 
The depth dependence of the sensitive volume with this coil can be extrapolated from 
the data in Fig. 2.4.8, which shows the magnitude of the transverse rf field above the center of 
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the coil at z = 0. It can be seen that the field has a relatively large extension above of each 
individual coil with a knot between them.  
 
 
Fig. 2.4.8: Depth dependence of the magnitude of the transverse B1 components │B1xy│= 
((B21x+B21y))½ in the xy-plane located at z = 0 in the center of a figure-8 meander coil. 
 
 
Alleviation of acoustic ringing 
The penetration depth of a figure-8 meander coil is only slightly less than that of the 
previously used solenoids. However, it still limited to approximately 6 mm above the coil. 
The fact that the coil axes are parallel to the main gradient of the MOUSE (Fig. 2.4.3) and that 
their extension in the y direction given by the thickness of the dielectric material between the 
copper layers of only 150 µm is very small, reduces the torque on the wires and thus acoustic 
ringing significantly. Furthermore, the capacitors are mounted right underneath the coil, so 
that the design is compact, and the complete tank circuit can be accommodated in a shielded 
box inside the gap between the magnets. The resultant shortening of wires and the rigid 
mounting of the components greatly reduce the acoustic ringing. All parts of NMR rf-tank 
circuits should ideally be non-magnetic when mounted inside the magnet gap and must 
withstand high voltages.  
 
Magnetoacoustic ringing and electrostrictive effects 
The magnets in any NMR-MOUSE construction should be as close as possible to the rf 
coil to maintain the highest possible B0 field. But rf pulses produce an electric field 
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surrounding the coil that induces eddy currents at nearby metal surfaces e.g. the magnets and 
the probe body including in the coil itself. The interaction of these currents with the applied 
static magnetic field gives rise to magneto-acoustic ringing. A detailed descriptions of this 
effect can be found in the literature [Ger1987, Kle1992].  
 
Fig. 2.4.9: Time-domain receiver signals acquired with a PC spectrometer showing the rf pulses 
generating the echo and the signals from the ringing of the short dead time MOUSE without a sample. 
a) With magnetostrictive ringing at 0.03 ms and 0.085 ms. b) The same signal without ringing after 
shielding of the magnets. 
 
Furthermore the electric field can directly give rise to soundwaves and thus to mechanical 
vibration of the magnets through the electrostrictive effect. To shield the magnets from the 
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electric part of the rf field, the magnets of the MOUSE were covered with a grounded copper 
foil with a thickness nearly 0.5 mm, and the whole tank circuit accommodated in the magnet 
gap was placed inside a shielded. Fig. 2.4.9 illustrates the attenuation of the probe ringing 
with the electrical shielding. 
The amount of ringing depends also on the placement and the material of the rf 
components used to build up the probe. Some types of ceramic capacitors are also prone to 
electrostrictive effects.  
 
Microphone effect 
Another parameter limiting the dead time is known as the microphone effect. The wires of 
the coil carrying rf current vibrate with frequency f0 because of the Lorenz force and with 2f0 
because of magnetic interactions between the wires. Any motion of conducting wires in a 
static magnetic field B0 induces a current. Also the vibration of metal parts around the coil of 
an NMR-MOUSE will give rise to signals detected by the coil. To avoid the microphone 
effect it is necessary to rigidly fix the coil and all metal parts. One may fill all the space 
around the coil with an epoxy type material for vibration damping but the large amount of 
material produces additional NMR signal because in most cases it contains protons. The 
decay time T2 of this material is of the order of microseconds which limits the use of the 
NMR-MOUSE in solid-state applications. Also some of the epoxy filler may contain quartz 
and cause electrostrictive effects. Due to the short leads to the figure-8 meander coil with the 
tune–and–match circuit inside the magnet gap, the microphone effect is largely suppressed. 
Together with the electric shielding of the permanent magnets and the tank circuit dead times 
of less than 20 µs could be achieved reproducibly in this way.  
 
The RF Tank Circuit 
There are two principal ways to build the rf-tank circuit: the series and the parallel circuits 
(Figs. 2.4.10a and b, respectively). The resonance frequency is tuned in either case by the 
capacitance Ct. On resonance the impedance of the series circuit is given by Rres = ω0 L /Q. For 
low impedance Q should be high. To match the impedance to 50 Ω of the spectrometer, a 
capacitor Cm is connected parallel to the coil. With the Q factor determined at resonance (see 
above) and the inductance L of the coil the values of the capacitors can be calculated 
according to  
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where the resonance frequency f = ω0 / 2π is approximated by  
 
CL ⋅=
1
0ω                                                             [2.4.2] 
 
and C = Cm + Ct for the series circuit [Kod2000]. 
 
 
Fig. 2.4.10: Tank circuits for NMR probes. Ct and Cm are the tuning and matching capacitors, 
respectively. Resistive loss is denoted by r. a) Series circuit with low impedance at resonance. 
b) Parallel circuit with high impedance at resonance. 
 
For the parallel circuit (Fig. 2.4.10b) the impedance at resonance is determined by Rres = ω0 
L Q. It is much higher than the system impedance of the spectrometer. For impedance 
matching a capacitive voltage divider is applied (Fig. 2.4.10b), changing the impedance to Rres 
= ω0 L Q (C/Cm)2, where C is calculated for the parallel circuit according to 1/C = 1/Ct + 1/Cm. 
When matched to 50 Ω at resonance, the values Cm and Ct of the match and tune capacitors 
can be calculated from 
 
              Ω
ω=
50
0LQCmC             CC
CC
m
m
t −
⋅=C ,                             [2.4.3] 
 
where for the C follows from the resonance frequency f0 = ω0/2π (see above). The advantages 
of the serial circuit are low capacitances for large tuning and matching ranges, but the tuning 
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capacitor is not grounded at one end, so that it must be well isolated. This disadvantage does 
not apply for the parallel circuit, but larger capacitors are needed for tuning and matching. For 
the short dead-time NMR-MOUSE a parallel circuit was used. Given f0 = 20.5 MHz and L = 
1.4 µH, C is calculated to 43 pF. Using Q = 30, Cm = 447 pF and Ct = 47.57 pF. These values 
of Cm and Ct are covered by the fixed and the tunable capacitors on the printed circuit board 
of the figure-8 meander coil of Fig. 2.2.5. We have used capacitors with a break-through 
voltage of 1000 V DC. 
 
Decoupling of coil from conductive sample 
Large conductive objects like biological tissues cause severe pick-up of noise in a standard 
MOUSE setup. This is because a conductive body acts like a large antenna with varying 
coupling to the environmental noise due to slight movements like breathing or blood flow. For 
in vivo measurements of surface-near structures of biological samples like skin, muscle, and 
tendons it is therefore important to reduce either the noise pick-up by the sample or the 
coupling between sample and receiving coil. The first can only be achieved by surrounding 
the sample by a Faraday cage, which is rather simple at the long wavelengths applicable to the 
MOUSE. However, sufficient decoupling between sample and coil is easy to accomplish by 
passively shielding the coil. A metal foil with suitable slits or a metal mesh could be used for 
this purpose, but with the disadvantage of inductive heating, some reduction of the rf-power, 
and detuning of the circuit.  
We found that the same effect can be achieved by using antistatic foil as used for 
packing sensitive electronic equipment as a layer on top of the coil. This material consists of 
fine metal powder embedded in a polymer matrix, which seems to act similar to a metal mesh, 
however largely avoiding the negative effects listed above. Best results were obtained when 
using a thin insulating polymer sheet, e. g. an overhead transparency between the coil and the 
antistatic foil.  
 
General strategy used in every experiment 
After setting the proper instrumental settings, the NMR-MOUSE was first tuned and 
matched for maximum power transmission from the spectrometer (Bruker minispec) to 
the NMR-MOUSE. This procedure was repeated each time when the sampling point was 
changed or a new sample was introduced. For this purpose the “fixed frequency pulse 
program” was used. Successively another pulse program “flip tune” was used for 
determining the pulse length which corresponds to maximum intensity signal and which 
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was further confirmed by another pulse program, “detect echo”. When the pulse length 
corresponding to maximum signal intensity was ascertained, the samples were 
interrogated by the CPMG or Hahn or OW4 etc. pulse sequences for which 
corresponding pulse programs were used which were written in Bruker Minispec  
ExpSpell language [Bru]. The sample temperature as well as the room temperature were 
also measured before and after the experiments. The experimental setup, experimental 
parmeters and the observations are given in forthcoming pages. 
 
2.4.4 Applications  
 
Application to objects of cultural heritage: Historical paper degradation assessment 
 
Objects of cultural heritage like books, paintings, cloth, wooden constructs, and building 
materials usually are dry, so that relaxation times are short due to the lack of mobile protons. 
In addition, para- and ferromagnetic impurities may be present which further enhance rapid 
magnetization decay. For this reason, even short transverse relaxation times are observed for 
mobile molecules in wet concrete and many wet stone samples. Consequently successful 
observation of NMR signals from such objects depends on short dead times in the NMR 
instrumentation.  
The NMR-MOUSE offers unique possibilities for the nondestructive analysis of historical 
objects, because while NMR is destructive in principle because of limited sample volume and 
the lack of mobility of the equipment. Both faults do not apply to the NMR-MOUSE, but the 
field is low, so that the sensitivity is low, access to large depths is restricted, and probe 
ringing may become a problem. Given the improvements in the hardware design of the NMR-
MOUSE described above, the problem of probe ringing has been tackled successfully. With 
sufficient measurement time, NMR signals characteristic of rigid objects and contaminated 
porous media can thus be measured. This is demonstrated in the following by some example 
measurements on books. A systematic investigation of similar objects exhibiting a range of 
known properties must follow in order to establish a data base for correlation of NMR 
parameters and material properties. Details about the application of the NMR-MOUSE for the 
objects of cultural heritage are given in chapter 4 and 5. 
When using a multi-echo method like the CPMG method, the dipole–dipole interactions 
between the spins in the sample and in the coil-bearing material are partially averaged due to 
a distribution of flip angles from the inhomogeneous B1 field, and a separation of background 
signal and signal from the sample is more difficult, although different techniques could be 
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employed. In addition, each echo other than the first one represents a superposition of a 
stimulated and a Hahn echo, so that the resulting echo envelope decays more slowly, and the 
apparent transverse relaxation is governed by the transverse relaxation under the influence of 
a partially averaged dipolar Hamiltonian and by longitudinal relaxation [Chapter 5, Hür2000, 
Bal2000]. 
The measurement frequency (Larmor frequency) was 20.5 MHz, the echo time was 
stepped from 50 µs to 0.3 ms in 37 steps with a recycle delay of 0.5 s. A minimum of 640 
averages per echo time was acquired on a Bruker Minispec-PC spectrometer with phase 
cycling. Increasing the size of the sensitive volume is an obvious possibility to reduce the 
measurement time, another one is to resort to CPMG- and OW4-type multi-Hahn and multi-
solid-echo measurements. These, however, contrast material properties in a different way and 
different methods of single-sided NMR need to be evaluated systematically for optimum 
discrimination and assignment of objects. 
 
Fig. 2.4.11:  Hahn echo decay from paper of a 17th century bible. a): Linear representation. b): Semi-
logarithmic plot showing the biexponential decay. 
 
Some books of different ages, cotton, and water-wet natural stones with different porosity 
were investigated. In paper and cotton a two-component echo envelope can readily be 
identified [Cap1996, Cap1998, Cap1999, Cap2001]. A typical signal decay acquired from a 
15th century Lutheran protestant German bible is depicted in Fig. 2.4.11. 
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From the logarithmic presentation it is obvious, that the analysis needs to be done at least 
in terms of a biexponential function. The fast component corresponds to cellulose and does 
not vary much in different paper samples (Tab. 2.4.1 in Appendix). It fluctuates around the 
mean value of 27 µs. It is also observed in cotton as a monoexponential decay time. The long 
component corresponds to bound water. It is known to be characteristic of the state of the 
paper. It varies significantly between 0.4 ms and 1.8 ms for the papers of the books from three 
centuries.  
 
Porous building materials 
Depending on the type of building material, the water in the pores can exhibit relaxation 
times between 20 µs and 1 ms and even longer [Pel1996, Ale2001]. Because the NMR-
MOUSE possesses average field gradients of 10 T/m, the decay of the echo amplitude is 
determined by relaxation and by diffusion processes. The diffusive weighting can be 
manipulated through the use of different echo times (Fig. 2.4.12) and different pulse 
sequences, for example, single Hahn-echo, double Hahn echo, and CPMG sequences. In 
contrast to the single Hahn echo, the double Hahn echo partially refocuses also magnetization 
dephasing for molecules which explore quadratic and not just linear field profiles [Blü2001a].  
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Fig. 2.4.12: Increase in transverse relaxation time, T2 with decreasing echo time tE  for the natural 
stone sample “pietra di noto”. The experiment was carried out at 19.5 MHz, acquiring 750 echoes and 
with a recycle delay of 0.75 s.  (a) Exponential (decay) dependence of T2 on the variable echo time. (b) 
Logarithmic plot. The drawn lines are fits of the  monoexpoential equation : y = A1. exp (-t/T) + y0 . 
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Miscellaneous Application: Interfacial liquid layer study 
When organic products of high economic values like medicines are extracted with the help of 
organic solvents like ether or other non-polar solvent from the solution mixture it becomes 
important to differentiate properly the liquid layer in the drain tube below the extraction flask 
bottom to know when to stop the running solution. UV-Vis. spectroscopic methods also 
become unreliable as the position of the interfacial liquid layer is obscured due to the non-
transparent nature of the liquids with organic products dissolved and absorbed in different 
amounts in the solutions. Then it becomes necessary to identify the interfacial layer with the 
help of a sensor which immediately determines the interfacial layer so that expensive products 
are not lost as often found during extraction processes. For this we suggest to use the NMR-
MOUSE as a mobile sensor for the detection of the interfacial layer every time when a 
particular extraction process need to be monitored. The CPMG pulse sequence was used. 
From this the signal amplitude and the transversal relaxation constant T2,short and T2,long was 
determined for different solvents. From these the diffusion-modified relaxation time T2* could 
be determined which varies primarily with the kind of solvent and slightly with the organic or 
other important compounds dissolved in it. The contribution of D increases with increasing 
echo time tE and higher magnetic field inhomogeneity. For example T2* amounts to 15 ms for 
water and 25 ms for cyclohexane with ambient temperature and a field strength of 0.5 T for 
field gradients of 10 T/m, pulse length of 2.3 µs, and  echo times of 0.25 ms and 0.30 ms, 
respectively and with the recycle delays time of 2.5 and 3.0 ms.  
 For the arrangement of the NMR sensors at the extraction container there are 
different possibilities : 
(1.) T2*  is measured for the container discharge. The discharge can take place via a 
drain tube at the tank bottom (Fig. 2.4.13, above left) or via a pipette from above. In the 
figure the sensor for a approx. 5 mm thick drain tube at the tank bottom is shown. The 
NMR sensor can be built in the classical NMR geometry [Eid1996] however in 
miniaturized form, whereby the magnetic field produced with permanent magnets is only 
weakly inhomogeneous. This geometry causes high sensitivity. T2*  is measured during flow 
or during an interruption of it. A change in T2*  with the time marks the position of the 
boundary layer.  
(2.) The boundary layer can be measured by the NMR-MOUSE  (Fig. 2.4.13, center). 
Different NMR-MOUSE sensors are positioned in the distance of few centimeters, e.g. in the 
distance of 2 centimeters, over the complete height of the extraction container. T2*  can be 
based thereby within a volume area with a diameter of approx. 10 mm and a depth by approx. 5 
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mm on the wall of the container. The position of the boundary layer can be determined then 
with the accuracy of the sensor separation.  
 
Fig. 2.4.13: Schematic presentation of the use of NMR-MOUSE as a mobile sensor for the proper 
determination of interfacial or boundary layer between non-polar and polar liquids used in the liquid-
liquid extraction process. 
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(3.)  In place of an array of NMR-MOUSE sensors an imaging MOUSE can be used [Pra2000] 
with pulsed field gradients. By the reduction of the volume per pixel the measurement 
sensitivity decreases. However the local resolution increases, so that position and width of the  
layer can be determined with an accuracy of approx. 0.3 mm. Typical measurement times for a 
1D picture with a  field of view 25 mm are within the range of 5 minutes.  
(4.)  A combination of (2.) and (3.) over a first roughly screened measurement of the position 
of the boundary layer, the boundary layer can rapidly be shifted by fast draining of the container 
into the sensitive area of the imaging MOUSE.  
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Fig.2.4.14: Relaxation time measurements (T2, long) with the CPMG pulse sequence at a Larmor 
frequency of 20.2 MHz and with the solenoidal NMR-MOUSE for the liquid-liquid extraction 
process and the decay data fitted by a biexponential decay function. There are four sets and each set is 
further divided into three subdivisions. The first entry in each set is the water layer with dissolved 
constituents, the second one is the boundary or interfacial layer and the third entry is for cyclohexane 
used as non-polar solvent to extract the non-polar constituents from the mixture. RD is the recycle 
delay and tE is the echo time. 
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For an initial trial a binary system, water (polar) and non-polar (cyclohexane) was 
chosen. The T2,long values were measured with the CPMG pulse sequence and the results are 
shown in Fig.2.4.14. It is clear from the figure that the differences between the interfacial 
liquid layer and the solvents water and cyclohexane (used as extracting solvent) are 
significant. Therefore, NMR-MOUSE sensor offers a new technique for the identification of 
the interfacial layer when one cannot differentiate the liquid-liquid layer by visible tech-
niques. With 80 scans, one measurement takes approx. 4 minutes. 
2.5 Inversion of Relaxation Curves 
Nuclear magnetic relaxation data often represents sums or distributions of decaying 
exponential functions. The relaxation decay curves and the corresponding distributions of 
exponential components vary greatly in character and complexity, but even the simplest 
relaxation data, with low measurement noise, can be represented by a distribution of 
relaxation times [Bor1997a]. Inversion problem, i.e. the extraction of the relaxation time 
distribution from experimental signal decay curve has been discussed by many authors.  
Provencher [Pro1982] has provided an excessive discussion, and his CONTIN programs are 
widely used. Most of the inversion programs apply both smoothing and other restrictions to 
prevent excessive details in the derived contributions. Another restriction is to limit the 
number of maxima to a small number such as one or two. This, too, can often eliminate  
spurious peaks and undershoot that result from the smoothing of large narrow peaks. 
 Most inversion processes minimize some function, usually the mean square, of the 
residuals plus some penalty function of the output distribution, together with constraint such 
as nonnegative (NN) relaxation times. If the relaxation data have low noise level and are 
known from physical considerations to correspond to a small number of very well separated 
relaxation times, then even a graphical peeling of the longest components from semi-log plots 
can give times and amplitudes. However, if the components are not well separated, or if there 
is no priori knowledge of the number of components, it is easy to misunderstand and 
misinterpret the computed results. Another case is that of distributions with small numbers of 
well-separated peaks of finite width. Again, we may or may not have a priori knowledge that 
a distribution is of this form applies. If  the peaks are well separated, most inversion methods 
can give positions (relaxation times) and areas (corresponding signal amplitudes). If the peaks 
have similar width on a logarithmic time scale, then most methods for inversion of relaxation 
data  to get distributions of relaxation  times will  also give  the correct peak widths if the data  
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noise is sufficiently low and if the inverted data are smoothed to a degree appropriate to the 
noise level and peak width. If two peaks differ greatly in width, then it is not possible to 
choose a single smoothing parameter for the distribution that will not broaden the narrower 
peak and/or break the wider peak up into apparent multiple peaks. 
 The inversion program is still more difficult when the resolution of peaks is marginal, 
especially when one peak is much larger than the another. An especially difficult form of 
relaxation time distribution is found for fluids in complex porous media, such as brine in 
sandstone rocks, an important problem in the oil industry. A common form of distribution 
consists of a relatively high peak with a very long low tail extending to shorter relaxation 
times, often to times as short as a hundredth or a thousandth that of the peak. Such a tail, 
although very low, may have sufficient area to represent a substantial fraction of the initial 
signal. For several years this problem has been dealt manually by specifying widely different 
smoothing parameters for the relatively sharp peak and the long low tail. This procedure can 
also prevent the undershoot usually found at the sides of sharp peaks, which can give 
automatic minima between peaks and adjacent lower and broader features. The obvious 
drawback is that the choice of smoothing parameters is highly subjective. A benefit feature of 
the manually adjusted smoothing is that , with good data, the need for the application of a 
non-negative constraint my be greatly reduced or eliminated. To reduce this subjectivity 
negative feedback has been introduced in the smoothing of the computed distributions of 
relaxation times to maintain roughly the same smoothing penalty for each computed point in a 
distribution. Instead of using a uniform smoothing coefficient, the coefficient is varied with 
relaxation time so as to keep the smoothing penalty roughly uniform. In this process the 
smoothing coefficient may vary by as much as nine decades, thereby avoiding the broadening 
of a very narrow peak and also avoiding breaking a wide feature into several apparent peaks.  
   
2.5.1 General Least-Squares Inversion with distribution of T2 
The analysis of nonlinear parameters as in  
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is most easily done with a nonlinear least-square procedure which minimizes the sum of 
quadratic deviations between fitted and measured values, 
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with the N the number of data points and  the standard deviation of the noise components. 
Because of the presence of the noise, χ
2−
iσ
2 cannot become zero and the best model will be one 
with χ2 ~ N. To minimize χ2, an iterative procedure is used which requires starting values for 
the parameters Pj , Tj   describing the model and for the number of exponentials M [Ove1992] 
. In order to distinguish between two models with different values of M, a standard F test is 
used [Bec1977]. 
 When the system is characterized by a distribution of relaxation times, eqn. 2.5.1 can 
be written as 
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where P (T) represents the distribution of relaxation times. For a discrete number N of data 
points and number of points M describing the distribution we can write 
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 There are several methods for describing the distribution of relaxation time. One of 
these is the NNLS (nonnegative least-squares method). This method solves eqn. 2.5.4 by 
minimizing KPX −  with the nonnegativity of P as an additional constraint: 
 
KPX −    minimal,                                                [2.5.5] .0≥P
 
The algorithm of Lawson and Hanson [Law1974] solves eqn. 2.5.5 with the aid of stable 
Householder transformations and finds the solution in a finite number of steps. This method is 
numerically stable, fast and easy to implement. 
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 One more method is LP (linear programming). The LP method [Bun1984, Chv1972] 
looks for a solution P satisfying the experimental data points 
 
                                            [2.5.6] ( ) ( ) iiM
j
ijjii atXKPatX σσ +≤≤− ∑
=1
 
and minimizing the objective function  
 
       ,                                                    [2.5.7] jj
M
j
Pw∑
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where the wj are arbitrary weights. The parameter a can be adjusted. In most of the cases a ~ 2 
results in a value for χ2 close to the expected N. 
 Similarly there is one more sophisticated method CONTIN (least-squares method with 
regularization). The CONTIN method [Pro1982] looks for the simplest solution that fits the 
data points. This is done by minimizing  
( ) 22 PRrKPXV −+−= αα ,                              [2.5.8] 
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instead of  2)0( KPX −=V . V (α ) is minimized for a set of α  values and the best solution 
is determined. In comparison to the NNLS and LP methods, the CONTIN method produces 
more broadened relaxation time distribution [Ove1992]. 
 
2.5.2 UPEN3D4: A modification of UPEN2C3 and the UPEN2C6 
program 
The basic method of UPEN (UPEN2C6) applied to T1 (uniform penalty inversion of 
multiexponential decay data) [Bor1998a] includes the effects of noise, constraints, and 
smoothing on the resolution or apparent resolution of features of a computed distribution of 
relaxation times.  The examples discussed in [Bor1998a] were of T1 data with a uniform data 
density in log-time, and the following discussion [Bor2000a] extends the use of UPEN to T2 
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data (UPEN3D4) equally spaced in linear time and to multiexponential decay data spaced in 
manner. 
 
2.5.3 UPEN3D4: Inversion with Variable Smoothing 
Inversion with Fixed smoothing and without Weighting Factors 
A set of relaxation data si, taken at times ti equally spaced in qi = ln ti is subjected to 
approximation by a sum of M exponential components, si ≈  g0 + Σ gk exp (-ti/ Tk), where Tk 
are the relaxation times equally spaced in Qk = ln Tk and covering about the same range as ti. 
The distribution of amplitudes at relaxation times Tk (on the logarithmic scale) is gk, and g0 = 
S∞ , the value of the signal at infinite time, may or may not be also a regression parameter. To 
avoid the excessive detail a penalty function is added to the squared error of fit, and their sum 
is minimized (as explained in 2.5.1). Common penalty functions are squares of amplitude, 
slope (first difference), or curvature (second difference). The function to be minimized is then 
of the form 
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                                                                                                                                          [2.5.9]    
 
where  A is the coefficient for amplitude smoothing, D (difference) for slope smoothing, and 
C (curvature) for curvature smoothing. The g0 term is not included in penalty function. 
Usually only one of the three kinds of smoothing is used. 
 
Inversion with Weighting factors and Variable Smoothing 
For introducing more equitable smoothing for sharp and broad features, the coefficient A, D, 
and C in eqn. 2.5.9 are made variable, with subscript k, and move them inside the 
summations. For averaging of points in windows requires the introduction of the weighting 
factors B, into the generalization of the eqn. 2.5.9. We apply a curvature penalty, with both 
curvature and slope feedback just as in ref. [Bor1998a] although the compliance (or feedback) 
parameters α (smoothing parameter inversely proportional to the C) of previous ref. 
[Bor1998a] have been changed to β’s, because the change in the assumption about the 
appearance of data point spacing in equation  
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  ( )[ ] 1032 −++∆∆= kkkpQqk cp αααC                 [2.5.10]   
 
inserts a factor of 0.08, the spacing used in all examples of [Bor1998a], multiplying the 
former α’s. The amplitude penalty now applied outside the range adds the A-term of eqn. 
2.5.9 and 2.5.11. The quantity to be minimized is now 
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where Ck will be iteratively adjusted in regions of substantial curvature to be roughly 
reciprocal to the local curvature squared (which itself depends on the Ck). The Ak’s are zero 
within the range of relaxation times covered by the data. With good SNR some extrapolation 
of relaxation  time components outside the data range is permitted. The g0 term is used only if 
the asymptotic value at infinite time is a regression parameter. 
  
Feedback for Uniform Penalty 
Feedback 
To have a strictly uniform penalty, that is, the same contribution to the right side of eqn. 
2.5.11 for each value of k, it would be necessary to find a way to make Ck inversely 
proportional to the square of the second difference. However, when the curvature is zero or 
negligible, it is not possible or not meaningful to make Ck large enough to maintain a truly 
uniform penalty at such points. We can obtain a penalty which is the same at points of 
significant curvature by a series of iteratios, starting with a fixed Ck and for each new iteration 
letting Ck be inversely proportional to the square of the second difference from the previous 
iteration [Bor2000a].  
 The smoothing coefficients Ck are coefficients of rigidity for the computed 
distributions. Therefore, the feedback to adjust the Ck to give roughly uniform penalty 
consists of local compliance contributions from both slope and curvature. To implement this, 
a slope compliance parameter βp (pendenza: slope) and a curvature compliance parameter βc 
to define compliance 
 
( ) ( )[ ] 1,,12112112 2max +−=+−−+ +−+−∆= kkkjjjjckkQpk gggggc ββ  ,       [2.5.12] 
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where the β’s are constants that are not changed from one iteration to the next nor from one 
data set to the next. The factor of  is to preserve the ratio of approximate first and second 
derivatives when the spacing ∆  in Nepers of computed points is changed. 
2
Q∆
Q
 
Absolute-Value Data   
Most of the relaxation data processed by UPEN have been phased data, the sum of positive 
exponentials with added zero-mean random noise. However, data are sometimes taken as 
absolute-value data 22 qpa SSS +=   , where Sp  and Sq are in-phase and quadature signals (or 
signals at 900 , whatever the phases). The noise no longer averages to zero. Most of the 
modern relaxation data are taken with phase cycling schemes to give baseline close to zero, 
and S∞ is a regression parameter, substantial values of  S∞ / Rv for  T2 data may indicate data 
problems. Here, Rv  is a noise estimate derived from the data. With absolute-value data it is 
necessary to limit the computation of the estimated noise to the data interval with substantial 
signal, because the noise statistics are completely  different for low SNR. 
 
2.5.2 Introduction to the UPEN program in True Basic Language 
UPEN: Input  
The UPEN programs are written in TRUE BASIC (http://www.truebasic.com) for DOS. The 
commercial STUDENT EDITION of TRUE BASIC was upgraded to run long programs, such 
as UPEN [ref. manual]. The disk (.zip file) of UPEN related programs includes the 206 K-
Byte HELLO.EXE, which will run the TRUE BASIC programs. The programs are in source 
code. They are run after loading TRUE BASIC by executing the DOS command 
HELLO.EXE. Then programs are loaded by the command OLD (either upper case or lower 
case or mixed) plus a space plus the program name (and path if needed). Since T2 data need to 
be windowed unlike T1 data, the program T2_T_S.TB is used. To run this program, command 
RUN is executed from the bottom (command) part of the screen, or else simply press F9 from 
any position. Then, the program compiles and runs. It asks whether to run many files 
consecutively. Type, N for No, followed by ENTER command and when asked, type the file 
name *.sig. The * word should have six to eight letters (DOS limit). For example, star5.sig . 
This process converts the data file star5.sig (data in ASCII format)  into star5.big file. At this 
point the program (in earlier data, [Bor1998] version UPEN2C6.TB was loaded) 
UPEN3D4.TB is loaded by command OLD UPEN3D4.TB.  At first set MN$ = “y”. Then 
type RUN or press F9 to run. When asked, type the new file name star5.big. The iteration and 
Chapter  2 Principles 66   
 
 
displays are the same as found in UPEN2C6 program, although the T2 processing of data 
equally spaced in time (instead of log time) takes note of the increased averaging of data at 
long times, with the corresponding increase in effective SNR. The input data files to 
UPEN3D4.TB are record files with 8-byte records. They have convenient matrix read and 
write statements, but they are not directly viewable on the screen. The UPEN disc contains the 
program TB_ASCII.TB to convert to a readable file. 
UPEN3D4 can include Sinf, the value of the signal at infinite time, as a regression 
variable. This information that this should be done can be conveyed by an added 0.1 to the 
specified number of data pairs (time and amplitude). If N is the number of data points and 
MN = 1 for regression of Sinf and MN = 0 otherwise, then NN = N+.1HMN is the number 
passed to UPEN. If Sinf is not to be a regression variable, then NN is an integer. The value of 
MM included with NN can be overridden by the MN$ parameter [Bor2001a]. 
Most of the T2 data are by CPMG with phase cycling and have Sinf (should be) close 
to zero. However, if the data extend to sufficiently long times it is usually better to regress on 
Sinf. 0 (explained later in examples). However, if the data extend to sufficiently long times it 
is usually better to regress on Sinf (MN$ = “y”); for one thing, it has diagnostic value. The 
data set usually have at least 512 points and can have many more. The program T2_T_S.TB 
take a CPMG set of data, equally spaced in time, and form windows as described above. 
UPEN3D4 outputs its computed results in two different files (*.TST, *.DAT : star5.tst and 
star5.dat).  
 
UPEN: Output: Output.TST Files 
One output file has the extension .TST . Many of the parameters used in the computation are 
listed in the first section by means of the subroutine PARAMTRS, and computed quantities, 
including diagnostic parameters, are given in the second section by the subroutine RESULTS. 
The RESULTS section of the .tst file is also added to the screen display at each iteration 
during the computation. When the program UPEN3D4 ends, screen display obtained has 
different format than the earlier UPEN2C6 program.  
 
 
UPEN: Output: Output.DAT Files 
The output quantities are separated (delimited) by commas, and spaces are inserted so that the 
file can be displayed in a word processor as well as spreadsheet. The *.dat (star5.dat) is 
imported in MS Excel program where the commas are removed to form a nine columns file. 
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This file can be further copied and pasted from Excel file to Microcal Origin 6.0 program 
where the results can be further exploited in many ways. The first six columns are for 
computed output, and the next four are for data times, errors of fit to the input data, the input 
signal, and the computed signal. 
 Col.1 is relaxation time T2 in ms. Col.2 is signal per Neper. Col. 3 is rate number 
(proportional to log-rate, thus starting at the longest time). Col.4 is percent of total signal per 
Neper. Col.5 is cumulative percent of signal. Columns 6, 7, 8, 9 are for data times, errors for 
fit, signal, and computed signal. There are now two additional short columns for plotting 
symbols at the shortest and the longest data times on relaxation time distributions. 
 
Examples  
The CPMG experiments conducted on porous samples produced absolute-value (or 
“Modulus”) data, rather than phased data and that they are recorded to sufficiently long times 
to show clearly the absolute value of the noise . The inversion by UPEN or by other programs 
must account for the non-zero asymptote. Since the data go to sufficiently long times to show 
this asymptote, it is useful to set MN$ = “s”, making the asymptote (Sinf, or signal at infinity) 
a regression parameter. It is necessary to set AbsValue$ to one of the several parameters that 
treats the data as absolute-value data. Since the data (from CPMG experiments) are in this 
form, the simplest setting is probably “y”. 
 Most of the letters or words shown in Fig. 2.5.1 are discussed in [Bor2000a] 
notes. S / Rv is the  signal to noise ratio (with single-channel noise rather than both-channel 
noise, a factor of square-root of 2 higher). XNeg% is percent of the signal in a negative peak 
before applying NN. The black squares on the baseline show the range of times covered by 
the data. +.022RumNewOld means that the error of fit was increased 2.2% by application of 
NN, an acceptably a small amount. 
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      relaxation time, T2 distribution [ms] 
 
Fig. 2.5.1:  UPEN 3D4 run of SEPSTR1.sig file obtained in CPMG experiment of a terra cotta sample 
at Larmor frequency of 9 MHz. The sig_Neper (or arb. probabilty) has been plotted on the y-axis. 
 
 Of the three numbers by AbsValue, the first is the asymptote chosen, the second is the 
number of points on which this is based; the third is the Sinf value (asymptote) before 
application of AbsValue (at end of 7 iteration). Rum (Italian “rumore” means noise) is two 
versions of the noise explained in the UPEN3D4 notes [Bor2001a]. Sinf is the final asymptote 
and is two-thirds the (1-channel) noise. It is only 3/8 the original Sinf (before using the 
AbsValue). With these values it seems reasonable to use the above solution with regression od 
Sinf.  The negative RmR value, the low RumNewOld, and the small XNeg% all suggest good 
relaxation data. 
 
Experiments conducted at different Larmor frequency but same samples  
Because of the significance of several features of relaxation data affecting the validity of 
conclusions drawn from the data,  here details are given for the 4 data files (CPMG) taken on 
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same porous sample at different Larmor frequency 9 (already discussed above), 10.55, 21 
(NMR-MOUSEs), and 40 MHz (homogeneous field, Bruker Minispec) [Sha2003]. These 
were all processed by UPEN using default values except for the three: 
 MN$ = “y” 
 AvNa$ = “n” 
 AbsValue$ = “y” 
UPEN gives some diagnostic parameters to help identify data problems.  In addition it can be 
helpful to plot errors of fit, which ideally should represent random noise.  
In all the cases some deviations from random at times over about 80 ms have been 
observed, except for the last, which does not go beyond this time.  These problems are out in 
the noise-only part of the data and do not have significant effect on the solutions. The last, 
std0140 (40 MHz) has very severe alternation of errors of fit at early times.  This is probably 
due to pulse or tuning errors.  The AvNa option is intended to reduce the consequences of 
this; however, the alternation here is rather large, and there are signal components down at 
these short times. 
The parameters are discussed both in the notes (UPEN3D4Program.doc) and in 
UPEN-II or UPEN3D4 notes [Bor2000].  The program names are used here.  For instance, Rv 
= RumV = Rv .   RmR = Rrv .  An important parameter RumNewOld = Rrno is not listed in the 
table.  It is huge for Std0140 (next-to-last row) and OK for the rest, including the last row 
(omitting first several points and using AvNa). 
 NMR relaxation data are often limited mainly by random noise, that is, by S/N, the 
signal-to-noise ratio.  Except for the 40 MHz data S/N (S/Rv) is from 98 to 149.  However, 
the 40MHz have serious pulse and/or tuning errors affecting the data at short times.  
Furthermore, the inherent S/N = 2340 is very high, making it very difficult to have all 
systematic errors smaller than the random errors.  In this case the data distortions at small 
times are catastrophic.  Reprocessing with AvNa = “” and using only points after 0.75 ms we 
see a greatly reduced Rum, RumV, and RmR, and XNeg% = 0.  Of course, tentative 
information is lost for short times, but that information cannot be trusted. 
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Fig. 2.5.3: The UPEN shots for the same porous brick sample except the data taken at different Larmor 
frequency [ (a) 21 MHz and (b) 40 MHz]. In each case some initial points have been removed. 
 
The two cases (Fig. 2.5.3, different Larmor frequency {21 MHz [a] and 40 MHz [b]}) 
are quite different.  The first has RmR of +.077, which is not ideal (preferably negative or not 
over a few percent) but not huge (Appendix). The problem is that the data at short times are 
extrapolated to show a large peak at times shorter than those covered by the data.  The peak 
may be “real”, but it is not adequately defined by the data, and it is lost completely if the first 
point is omitted.  The 40 MHz data on the right are very bad at short times.  Reprocessing 
without the first few points and with AvNa gives about the same main peak but not the spike 
at short times.  There cannot be much doubt about the part of the curve after 7.5 ms. 
The Fig. 2.5.3 shows the distributions of relaxation times at four different Larmor 
frequency. For stb and std both the distributions with and without the first few points (above 
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two pairs of curves) are shown.  bfs is also shown without the first point and with AvNa. The 
sep (9 MHz) data are well behaved and do not need much discussion.  The distribution of 
relaxation times goes down to about the shortest data time; we should be aware that we do not 
know what lies at shorter times. The bfs file is fairly well behaved, but the first point is 4 
times the rms error (Rv) away from the second point.  The dark olive curve (first point 
omitted) is close to the green curve except that it does not go to as short times. The stb peak at 
65 µs is lost completely if the first point is omitted.  Furthermore, the first point is 4.5 Rv 
away from the second point, and it is not appropriate to interpret a peak that depends on it. 
For std the first two points are 22 Rv apart (and Rv itself is increased by this).  No valid use 
can be made of the early points.  Note that it might be useful to run UPEN almost in “real 
time” in order to make further instrument adjustments while the sample is still available.   
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The orange (stb) and dark green (std) curves are
with the first several points deleted and with AvNa.
Dark olive (bfs) is without the first point and with AvNa.
The gray stb curve
is with the first point
removed (ND=1) and
without AvNa. The 
peak at about 65µs
is lost.
 
Fig. 2.5.4: Transverse relaxation time, T2 distribution at different Larmor frequency after editing the 
CPMG echo envelope decay curve then inverting with the UPEN3D4 program. The first point in most 
of the cases in CPMG data was approx. 0.12 ms (echo time) and the end point approx. 176 ms (max.). 
 
The peaks are at about 17.5, 10.0, 8.8, and 2.50 ms.  All TE’s (echo times) are 0.1 ms 
except for the 21 MHz, which is 0.06 ms.  Note that, except for the 10.55 MHz data, T2-peak 
(MHz/TE) is roughly constant.  This dependence seems to be linear, not quadratic in 
frequency (that is, magnetic field gradients due to susceptibility differences) [Bro1993, 
Bro1995].   
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 UPEN and other inversion programs are necessarily constructed with some basic 
assumptions regarding the form (and meaning) of the data.  Usually, it is assumed that the 
decay data represent a distribution (or sum) of exponentially decaying components all having 
the same sign, with statistically stationary random noise added.  Sometimes adjustments 
(weightings) are made if the noise is not uniform.  It is very hard in an inversion program to 
account for systematic measurement errors.  It is very important not to interpret features of a 
distribution of relaxation times that are due to systematic errors, including commonly 
occurring errors at short times resulting from imperfect tuning and pulse adjustments. The 
following shows the errors of fit.   
 
Experiments conducted at same Larmor frequency for different samples 
Similar experiments were conducted for different historical brick samples but at same Larmor 
frequency 40 MHz. The first two or three points are wild for all six files.  Several points were 
deleted already from br4rb1a (first half).  The distributions computed from all the points and 
without using AvNa are misleading at short times.  They are drastically changed by omitting 
the first point. 
It is again worthwhile noting that distributions can take really different character when 
processed without the first data point when there are wildly oscillating errors of fit at early 
times.  To illustrate these effects, each of the six files was processed with all the points and 
with MN$ = “y”, AvNa$ = “n”, AbsValue$ = “y”, identified by the letter I.  Then, they were 
processed with the same settings but without the first point, identified by K.  Finally, the six 
files were processed using only points at 0.5 ms or later and using AvNa$ = “”, which for 
these data is equivalent to “y”, because all files have badly alternating early errors of fit; these 
are labeled J.  For each file the I, J, and K results are shown in the Fig. 2.5.7.  Extremely high 
spikes are indicated by vertical arrows with the amplitudes and designated I or K. 
Files 1, 2, 3, and 6 gave reasonably good fits for J, with RmR well below +0.1.  
However, files 4 and 5 still gave bad fits.  In any case, we can see drastic differences in the I 
and K solutions, differing only by the omission of the first point in K.  The differences are 
drastic, because the signs of the errors of the first points used are opposite. 
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Fig. 2.5.6: Decay plots from CPMG experiment carried on different porous brick samples at 40 MHz 
shown in logarithmic form. 
 
Four of the K-distributions give huge values for the next-to-lowest computed time, as 
shown by the arrows and numerical amplitudes.  File 4 has a spike for the I-distribution.  File 
4 is very bad; you already had removed the first five points.  File 5 has a very high I-peak 
below the range of the data. There are probably important components well below a ms, and it 
is frustrating to have to discard points. It is advisable to perform CPMG measurements in real 
data mode instead of absolute-value data mode. It is also necessary to discard one or some 
initial points as they represent background noise although removal of more than some points 
causes change in relaxation time distribution. 
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Fig. 2.5.7: Transverse relaxation time distributions of different brick samples at a Larmor frequency of 40 
MHz before and after editing the initial points in the CPMG echo envelope decay and then inverting this 
data with the UPEN3D4 program. In brackets (on x-axes of all curves, below the scale name) the first and 
last point (echo time Vs signal amplitude) of the CPMG curves are mentioned. Data only between these 
two points have been subjected to the UPEN program.   
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2.5.4 Comparison: UPEN run for experimental data and simulated   
Data 
Comparison of UPEN2C6 and UPEN3D4 
For initial trials a CPMG echo decay envelope was chosen from one of the experimental data 
sets. This envelop (sepstrb.sig, ASCII file) was actually obtained for a terra cotta sample at a 
Larmor frequency of 9 MHz. In fact, it is absolute-value data. So, same changes have been 
made in the UPEN3D4.TB program before running this program. Earlier (1998) mainly the 
UPEN2C6.TB (the program which replaced the old version UPEN2C3) program was used for 
T2  relaxation data.  
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Fig. 2.5.8: The CPMG echo decay curve (left) for a terra cotta porous sample with the 36 Kg NMR-
MOUSE at a Larmor frequency of 9 MHz, tE = 0.1 ms, and relaxation time distribution obtained with 
two different versions of UPEN program. The earlier version (UPEN2C6) gives more resolved peak 
than the new one (UPEN3D4). 
 
 The range of the relaxation time T2 remains the same. It is only the resolution which is 
affected when we use UPEN2C6 instead of UPEN3D4. In the UPEN2C6 plot one can see two 
peaks on the left side of the right side of the Fig. 2.5.8 whose center is around 3 ms for lower 
T2  values and one big peak around 16 ms for higher T2  values. This is in agreement with the 
fitting the CPMG decay data with biexponential equation as shown in Fig. 2.5.8 (left), where 
the T2long is 16 ms and T2short is 3 ms. The advantage of having smaller peaks is in 
investigating  drying studies of wet porous samples where peak on the right hand side (bigger 
pores, cf. chapter 4) shifts completely towards the left (smaller pores) as the water evaporates 
first from the bigger pores. 
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 Generally it is found that when a water saturated sample is dried there is a big change 
on the echo amplitude values besides the slight change in T2  values. From the drying studies, 
the T2  distribution  obtained  from  the  CPMG  decay  curves  obtained  at  40  MHz  for   a  
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Fig. 2.5.9:  The transverse relaxation time T2 distribution obtained for ferromagnetic porous brick from 
the cryptopoticus at Colle Oppio across Colloseo in Rome (109 AD). The CPMG experiments were 
conducted at a Larmor frequency of 40 MHz using Bruker Minispec. 
 
historical brick (ferromagnetic brick, cf chapter 4) sample is given in Fig. 2.5.9 and similar 
changes are observed as before in the case of pietra di noto, a natural stone at 15.5 MHz with 
the solenoidal coil NMR-MOUSE (cf. chapter 4). 
Quite similar to these, the file sepstrb.sig with a maximum echo amplitude of 73.04 % 
was divided into steps labeled by numbers in alphabetical order 1(B), 2(C), 3(D), 4(E), 5(F), 
6(G), 7(H), 8(I), 9(J), 10(K) and 100(L). Each file obtained was then subjected to UPEN3D4 
program. The strategy was the same as mentioned before for a absolute data processing. 
After division when all the data were fitted with a biexponentially decaying function, 
the changes were found only in the amplitude values, but not in the relaxation time, T2. It is 
something like changes in the proton density of water molecules which gets evaporated during 
the drying experiment. The sepstr*.dat files are obtained after the inversion with the 
UPEN3D4 program. 
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Fig. 2.5.10: The CPMG decay curves obtained after dividing the original data (sepstrb.sig) with 
different consecutive integers. 
 
When the program UPEN3D4.TB is finished, it shows a final display on the screen 
which includes both the data and shape of the relaxation time distribution. It is just the same 
as shown in Fig. 2.5.1. In this figure a term is mentioned called as sig (25.554 x) shown on the 
ordinates. When we plot the .dat files (relaxation time vs signal per Neper [probability)] all 
together we find that all the plots are normalized as can be seen in Fig. 2.5.11. 
Since the amplitude in the each case is different there must be difference in the 
relaxation time distribution too on the ordinate values. Here comes the significance of the sig 
x factor which is used as a division factor for each D column (total signal per Neper) of all the 
cases (all 11 files). After division a new distribution was obtained which is plotted in the Fig. 
2.5.12. given below. It is very clear from the Figs. 2.5.11 and 2.5.12 that the factor with which 
we divided the CPMG decay data appears in the ordinate scale of the relaxation time 
distribution i.e. B (1.8), C(0.9), D (0.6) etc. 
This suggests that we can correlate the echo amplitude from the CPMG data to the 
peak height obtained in 4th column of the .dat file after running the UPEN3D4 program on 
sepstr.sig ASCII file. Not only the peak height, the peak area was also plotted with the echo 
amplitude for each case as shown below in Fig. 2.5.13. Similar results were also observed 
when the cumulative curves were plotted corresponding to the column 5 in the sepstr*.dat 
files as shown in Fig. 2.5.14. 
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Fig. 2.5.11: The relaxation time distribution data corresponding to the CPMG decay curves obtained 
by dividing the amplitude in the CPMG data file sepstarb.sig. In this case the data (column D known 
as total signal per Neper) was not divided by sig. value which is different in all the cases. 
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Fig. 2.5.12: The relaxation time distribution data corresponding to the CPMG decay curves obtained 
by dividing the amplitudes in the CPMG data file sepstarb.sig. In this case data (column D known as 
total signal per Neper) was divided by sig. value which is different in all the cases.  
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A collective plot is shown in Fig. 2.5.15. In each case a good quantitative relation is 
observed with respect to the amplitude of the CPMG decay curve. Hence, the ordinate axis in 
the UPEN shots can be correlated to the proton density coming from water molecules in the 
CPMG experiment which suggests its proportionality to porosity of the sample where as the 
abscissa (x-axis) shows the transverse relaxation time, T2 distribution.    
Quite similar to this CPMG decay curves were obtained for different porous samples 
which differ in relaxation times T2long and T2short but the ordinate axis was normalized (cf. 
chapter 4) in order to avoid the complication while finding the relaxation time distribution. To 
know how UPENC6 (or UPEN3D4) reacts to the CPMG decay data, a few simulated CPMG 
plots were made where the transverse relaxation time, T2long and T2short were varied to find how 
the T2  peaks in UPEN shots shift to lower or higher values. For this we used the earlier 
UPEN2C6 program version (Bor1998b). In the simulated CPMG decay curves the initial 
T2long was 10 ms and T2short was 1 ms (file CasdA). In Fig. 2.5.16 plots, the CPMG decay curve 
and the T2 distribution are given for the simulated data. The peaks are too narrow in the T2 
distribution and lie exactly on the same T2 values as mentioned above in the CPMG decay 
curve fitting. 
 
 
B C D E F G H I J K L
-10
0
10
20
30
40
50
60
70
80
pe
ak
m
ax
im
um
[a
.u
.]
ec
ho
am
pli
tu
de
[a.
u.
]&
pe
ak
ar
ea
[a
.u
.]
increasing division factors 
Max. Amplitude
Peak Area ( x 2)
B C D E F G H I J K L
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
(/100)
(/10)(/9)
(/8)
(/7)
(/6)
(/5)
(/4)
(/3)
(/1)
(/2)
 
Peak Maximum
 
Fig. 2.5.13: The peak area and peak height obtained from the the column D (total signal per Neper) in 
sepstr*.dat, plotted with the CPMG echo amplitude in each case (where the amplitude in sepstrb.sig 
file is divided by the division factor).  
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From above observations it can be concluded that UPEN program can be used 
quantitatively for describing the porosity (amount of fluid absorbed by sample, a measure of 
porosity) and relaxation time distribution which then on the basis of surface relaxivity of the 
sample can be correlated with pore size distribution. There are several factors which affects 
the relaxation time distribution while doing inverse Laplace transform like signal-to-noise  
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Fig. 2.5.14: The cumulative percent signal in column 5 of the each sepstr*.dat file obtained after the 
inversion of the sepstr*.sig ASCII files with the UPEN3D4 program. 
 
ratio, etc. It should not be very high otherwise it leads to high resolution of the peaks which 
doesn’t correlate well with the pore-size distribution obtained with the mercury intrusion 
porosimetry. Therefore, the CPMG data taken should be real data not the absolute data. The 
UPEN3D4 program usually gives better pore size distribution results than the UPEN2C6.  
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Fig. 2.5.15: The collective plot of all the data obtained from the sepstr*.dat files. The peak area and 
peak maximum have been divided by some real numbers to have a good correlative overlap with the 
other data. 
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Fig. 2.5.16: The transverse relaxation time distribution (right) obtained for the simulated CPMG data (left) 
in which the biexponential fitting the T2short and T2long are varied and amplitudes A1 (25) and A2 (50) are 
kept same.  
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2.6 NMR Imaging 
The NMR imaging is a non-destructive analytical technique capable of producing images of 
optically non-transparent objects. Biological tissues, plants foodstuffs and many synthetic 
materials can be penetrated by the radio frequency waves, and the signal is hardly attenuated 
by absorption and emission of rf energy at the resonance frequencies of the nuclear spins. 
NMR imaging can be realized as  a particular form of multi-dimensional spectroscopy, where 
the frequency axes are replaced or converted to space axes by application of inhomogeneous 
fields. For convenience, space-invariant or constant magnetic-filed gradients are generally 
used  (Fig. 2.6.1) [Blü2000]. A field gradient is the spatial derivative of the field. A constant 
gradient suggests a linear variation of the field with space. 
 The Larmor frequency depends on position in a space-dependent magnetic field. A 
sufficiently weak space dependence of the magnetic field can be expanded into a Taylor 
series. For example, a variation along the x coordinate is described by  
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      In most imaging experiments, the second and higher order derivatives in this expansion 
are small and negligible. However, for obtaining spatial resolution in NMR this is not a 
necessity. It is only convenient, because the frequency and space coordinates scale in 
proportion as can be seen by combining eqn. 2.6.1, 2.6.2, and 2.6.3 to give eqn. 2.6.4. 
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where Lω is the Larmor frequency with which the atomic nuclei respond, Bloc is the strength  
of the magnetic field at the site of the nucleus, B0 is the applied magnetic field, and σ is the  
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magnetic shielding.  The space variation of the external field must be made strong enough in 
imaging experiments to override the spread in chemical shift or linewidth. In this case eqn. 
2.6.4 can be approximated by  
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The linear relationship between NMR frequency and space coordinate is obtained by 
restricting the space dependence of the magnetic field to the field gradient Gx  = x
Bz
∂
∂
in eqn. 
2.6.5 and by neglecting chemical shift as illustrated in Fig. 2.6.1. In this case, each point along 
the x axis of the sample is characterized by a different resonance frequency. The total signal 
intensity is proportional to the number of the nuclei with a given NMR frequency. It is 
obtained by integration of the sample magnetization along y and z coordinates and is therefore 
given by the projection of the signal onto the x axis. An image of the object can be 
reconstructed from a set of projections acquired with magnetic field gradients pointing in 
different directions. For a linear space dependence of the Larmor frequency, the spatial 
resolution 1/∆x is related to the width of the NMR absorption line or the spread  ∆ν = ∆ωL/2π 
in Larmor frequencies ωL according to eqn. 2.6.6 by  
 
                                                          υπ
γ
∆=∆ 2
1 xG
x
   .                                                      [2.6.6] 
 
This eqn. 2.6.6 applies to direct detection of the NMR signal in the presence of a 
magnetic field gradient Gx, also known as frequency encoding of the space information. The 
larger the linewidth ∆ν, the worse is the resolution 1/∆x. Liquids possess narrow linewidth of 
the order of 1 Hz and that is why the spatial resolution is good. In solids, due to the dipole-
dipole interaction between neighboring nuclear spins and restrictions in molecular motion, 
linewidths up to the 100 kHz are observed, so that the spatial resolution is bad. Soft matter 
like tissue in medicine, and elastomeric materials possess sufficiently narrow lines between 10 
Hz and 3 kHz, and the spatial resolution is acceptable, i.e. between 10 and 100 µm in one 
dimension. Higher resolution can be acquired by increasing the gradient strength but this step 
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reduces the number of spins in a given frequency interval and thus results in a reduced signal-
to-noise ratio or in low sensitivity. 
 
 
Fig. 2.6.1 [Blü2000]: The principle of NMR imaging. (a) The magnetic field varies linearlv 
across the sample by application of a field gradient Gx, in x direction. (b) Sample shapes in the 
two dimensional (2D) xy plane. (c) The NMR spectrum acquired in the presence of a magnetic-
field gradient provides a projection of the sample. The signal amplitude is proportional to the 
number of nuclear spins at a given value of the magnetic field. 
 
The other way to tackle this problem is to manipulate the linewidth by appropriate 
techniques like multi-pulse excitation or magic-angle spinning (MAS) which is well known in 
the solid-state NMR spectroscopy [Mar1988, Sli1989]. Here the main problem lies in the 
experimental complexity and the restriction to samples with diameters of 10 mm and less due 
to limitations in present-day amplifier and NMR-probe technology. Hence, imaging of solid 
materials challenges the development of new methods suitable to handle the problems of 
sample size, sensitivity, and linewidth.  
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K Space in NMR imaging 
A map of spin density ρ(r) is actually the result of an NMR imaging experiment [Gas2000]. 
Usually there are several factors which influences the spin density. The signal, dS(G, t), 
coming from a volume element, dV, is given by 
                                                      
      d S (G, t) ∝   ρ (r) dV e-i ω(r) t                                         [2.6.7]  
 
Since  ω (r) = - γ G.r the whole signal is now given by equation 
 
                                           S (G, t) = (r) e∫V ρ i γ G. r t  dV                                        [2.6.8]  
                                                   
 
In the equation mentioned above the product  γ G t  is called k vector with dimensions [1/m]. 
Formally it represents a wave number or reciprocal wave length of a spatially fixed wave. 
Usually, k is defined by  
 
                                                           k  =  γ  G(t′) dt′                                                   [2.6.9] ∫t
0
 
Hence, eqn. 2.6.8 now becomes  
 
                                                              S (k) = (r) e∫V ρ i k r dV                                        [2.6.10] 
 
 The vectors k and r (in eqn. 2.6.10) represent a Fourier pair (like time and frequency). 
With this consideration an image can be now thought of being constructed by a superposition 
of spatial waves. The k space carries the information about which frequencies are used to 
construct the image. The finer the structure to be resolved, the higher the frequencies which 
are necessary to construct them, leading to entries at high values of the k space. On the other 
hand the normal structures are represented by low frequencies. The acquisition of the time 
domain data in the presence of a magnetic field gradient means to collect the information 
about spatial ‘frequencies’. A Fourier transformation leading to the frequency domain in 
conventional NMR in the presence of a magnetic field gradient means to reconstruct an image 
by superposition of spatial waves 
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Frequency encoding 
The various imaging techniques differ from each other in the way of scanning the k space. 
The acquisition of an FID in the presence of a magnetic field gradient means to scan one line 
in the k space. Taking into account the acquisition of n discrete points in steps of the dwell 
time dw, frequency encoding under a constant gradient G , at times n · dw is given by  
 
                                                kx   =  γ  G (t′) dt′   =   γ G∫t
0
x ⋅ n ⋅ dw   .                         [2.6.10] 
 
The direct space encoding during the data acquisition is called frequency encoding (as 
mentioned before), and  Gx is considered as read gradient. The field of view opened for the   
resulting projection (here in x direction) is given by  
 
                                            FOVx  =  1 / dw ⋅ Gx                                                   [2.6.11] 
 
 Here only half of the line in k space is encoded in the experiment given above, because 
only the positive k values are collected during the space encoding of the FID. In order to 
collect the negative k values also, the sign of the gradient has to be changed in another 
experiment. On the other hand the gradient is desired to be switched after the excitation pulse 
because in the presence of a gradient the pulse might not dominate the spin system any more, 
which results in offset problems [Cal1991a]. Therefore, in practice most imaging techniques 
are based on echo experiments which allow for the switching of gradients during the echo 
time.  
In spin echo method  as shown in Fig. 2.6.2a, a gradient is switched on  and off during 
the first part of the echo time.  This gradient is not only used for the space encoding, but also 
leads to a fast spoiling of the transverse magnetization from the 900 excitation pulse. This 
spoiling gradient avoids an interference of the FID with the 1800 refocusing pulse, and 
therefore, allows for short echo times. The subsequent 1800 refocuses all linear interactions. 
The gradient present in the period after 1800 refocusing pulse and during the appearance of the 
echo again fulfills two functions. First, it compensates the previous spoiling gradient. The 
echo appears at the time, the dephasing caused by the spoiling gradient is refocused. This is 
the case when the integral G (t′) dt′    and G (t′) dt′    are equal. Second, the gradient 
G
∫1
0
t
∫2
0
t
2,x acts for frequency encoding and thus is present over the whole period of echo acquisition. 
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Usually the delays t1 and t2 as well as the gradient strengths are kept identical in most cases, in 
order to have a ‘symmetric’ pulse sequence. 
 
Fig. 2.6.2: NMR imaging techniques depending on echo-experiments. (a) Spin-echo imaging pulse 
sequence including rf as well as gradient pulses. Additionally, the sequence described here includes a 
slice selection. (b) Gradient-echo pulse sequence. (c) Pulse sequence for spectroscopic imaging. The 
gradient Gx here exclusively represents a spoiling gradient. 
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An echo occurring under a gradient represents a full line in  k-space because the echo 
inverts the time evolution until the echo-maximum appears. Thus, the left, rising part of the 
echo represents –k = γ G (-t). Fig. 2.6.2b represents the gradient echo imaging. In this case a 
change of the sign of the gradient leads to an inversion of the evolution of the spin-system. 
The echo appearing under the refocusing gradient is inherently space encoded. In comparison 
to the spin-echo, the gradient-echo is not able to refocus any other linear interaction except for 
the dephasing caused by the external gradient. This results in the different contrast in the 
respective images when further linear interactions like chemical shift or internal magnetic 
field gradients due to different magnetic susceptibility are present in the sample. 
The principle of phase encoding can be extended to all three spatial dimensions 
avoiding the presence of a read gradient. In the absence of a read gradient, a spin echo evolves 
under the interactions present in spectroscopy. Thus after Fourier transformation, a spatially 
resolved spectroscopic information is obtained from such an experiment. The respective pulse 
sequence is depicted in Fig. 2.6.2c. 
 
Phase encoding  
The frequency encoding method can be extended where k space can be scanned radially in 
polar coordinates. This is realized by a modulation of two orthogonal gradients, G = Gx sinφ  
+ Gy cosφ, leading to a series of projections with different orientations, forming a circle (Fig. 
2.6.3). The two dimensional image is reconstructed by application of a back projection 
algorithm. The details of this technique are in [Blü2000, Blm1993]. Usually an indirect 
technique is used for space encoding in a second dimension, thereby scanning the k space in a 
Cartesian coordinate system. It is achieved by switching the two orthogonal gradients 
independently of each other as shown in Fig. 2.6.3 (ii). Here the signal is given by the 
equation: 
 
                                            S (kx, ky) =  ∫ ρ (r) exp(ikx x + iky y) dx dy  .                        [2.6.12] 
 
In a two-dimensional NMR experiment, the phase of the signal in the echo 
experiments (described above) is modulated during the evolution period, t1 (chapter 2, section 
2.2.2) by application of a second gradient pulse (here Gy) known as phase encoding gradient. 
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Fig. 2.6.3:  Two-dimensional NMR imaging techniques. Left: Pulse sequences. Right: point in k space. 
(i) Backprojection [Blü2000]. (ii) Spin-warp imaging. (iii) two-dimensional Single-Point imaging. 
 
The strength of the gradient is increased in a series of experiments resulting in space 
encoding in the t1 dimension. The signal is described by  
 
                           S (kx, ky) =  (r) exp[ik∫ ρ x (t2) x + i ∆ φ (t1, y) dx dy ,                           [2.6.13]                         
where  
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                         ( ) yy ktGt =⋅=∆ 11φ  .                                           [2.6.14] 
   
The influence of the gradient is enhanced either by increasing its duration t1 or by 
increasing the strength of the gradient during a fixed delay t1. Generally the strength of the 
gradient is altered and other as other linear interactions are kept constant. This method is 
known as spin-warp imaging and shown in Fig. 2.6.3 (ii). for the spin-echo sequence. The 
field of view acquired by the phase encoding is given by  
 
                                                         
( ) 1
2
tG
FOV
phase
phase ∆= γ
π   ,                                       [2.6.15] 
 
where G(phase) is the increment of the gradient-pulse applied in two subsequent phase encoding 
steps in a fixed delay period t1. The resolution acquired with this is given by maximum 
gradient strength, 
 
                                                                 
( ) 1max,
2
tG
r
phaseγ
π=∆   .                                     [2.6.16] 
 
Equation 2.6.15 shows that the possible resolution in phase encoding does not directly depend 
on the line-width of the spectrum. But the encoding time t1, is limited by the signal’s life time 
which is directly related to the line width in the realm of Fourier pair. The encoding time 
cannot be reduced as the strength of the gradient in practice is limited. Therefore, the 
resolution is limited by the lifetime of the signal and thence by the line width [Blü2000].  
 
Slice selection 
Selective excitation denotes the manipulation of the NMR signal within restricted frequency 
regions of the magnetization response. Its main use is for slice selection  [Gar1974, 
Mor1992].  From the principles of the Fourier transformation, a rectangular rf pulse covers a 
sinc (sin x/x)-formed spectrum in the frequency domain and vice versa. The frequencies 
covered by the pulse depend on the duration of this pulse.  Thus, a long rf pulse applied to a 
spectrum, broadened by the presence of a gradient leads to an incomplete excitation of the 
spectrum. This strategy is applied in spin echo imaging to selectively excite magnetization 
from particular areas within the sample.  In order to selectively image a thin slice out of a 
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larger sample, a long (i.e. sinc) modulated rf pulse is applied in the presence of a slice 
selective gradient (cf. chapter 3).  The principle is described in Fig. 2.6.4. 
 
 
 
 
Fig. 2.6.4 [Blm1993]: Principle of slice selection.  (a) Fourier pair of sinc and rectangular shapes. (b) 
Effect of different gradient strengths on the slice thickness of the object for a given frequency profile 
of the rf pulse. A lower gradient leads to a larger slice thickness.   
 
The slice-selective pulse in a spin-echo sequence can be introduced either as the 
excitation or as the refocusing pulse. Usually the refocusing pulse is chosen as selective pulse 
to save rf power. Usually, the slice selective gradient is inverted after the slice selective pulse 
for approximately half of its integral Gs, inv ⋅ tinv = ½ Gs ⋅ ts in order to compensate for a 
dephasing of the magnetization under the long selective pulse. In the case of a sinc modulated 
refocusing pulse, this refocusing gradient is not necessary because this pulse is found to be 
self refocusing [Cal1991].  
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2.6.2 Single point imaging 
In solid and rigid samples where spins are highly coupled, T2 becomes too short even for 
single (spin) echo imaging experiments and the gradients cannot be switched any more within 
the echo times offered by the decay of the transverse magnetization of the investigated spin 
system.  This problem can be solved by using SPI (single point imaging). It is a pure phase 
encoding method, where only one point in k space is acquired per scan, at a constant encoding 
time, tp, after the excitation pulse. The sequence is given in Fig. 2.6.3 (iii). In comparison to 
the echo technique, the gradient is switched before the application of the excitation pulse, and 
remains active during the application of the rf pulse. Thus, the pulse is applied in the presence 
of the gradient. The pulse length is generally kept low because 
(a) the  frequency  profile  of  the  pulse  dominates  the  spectrum  even  under the maximum  
gradient strength applied. A long pulse not dominating the spectrum in presence of the 
gradient, results in a loss of spatial resolution in SPI.  
(b) the  flip  angle of the excitation pulse has to be kept short to allow for a rapid scanning of    
the k-space. The repetition delay during two subsequent space encoding steps is determined 
by the flip angle and the relaxation constant, T1. A flip angle, α (mentioned in detail in 
chapter 3) short compared to the 900 condition allows for a fast return of the magnetization 
back to equilibrium. Details about the experimental SPI can be found in [Blü2000, Gra1994, 
Gas2000].   
 
2.7 Conclusion 
In this chapter the theoretical details have been discussed besides an introduction to the 
experimental strategy. The main emphasis is on the use of NMR-MOUSE for investigating 
elastomers, porous media, and materials important to cultural heritage. All of these kinds of 
materials have been subjected to analysis with solid-state NMR techniques. On one hand they 
had been subjected to mono or multi-echo pulse NMR techniques and on the other hand to 
NMR imaging experiments for complementary investigations. 
 The elastomeric samples have been analyzed in terms of CPMG echo decays, and 
details have been given in chapter 3. They have also been subjected to NMR imaging which is 
also included in the same chapter. Porous samples like building materials have also been 
subjected to multi-echo experiments for obtaining the pore size distribution. In this chapter 
the theoretical details have been given how the CPMG decay data obtained from porous 
samples i.e. historical building materials can be converted into the relaxation time distribution 
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with the help of the inverse Laplace transform by performing the UPEN analysis of the 
experimental CPMG data (chapter 4) and then to pore size distribution representation 
(depending on the relaxivity of the sample) with the help of mercury intrusion porosiemry. 
Further, historical books can be analyzed without destruction with the help of the NMR-
MOUSE and the status of paper preservation can be determined (discussed in chapter 5). This 
information can be, therefore, useful for determining proper and appropriate  preservation 
efforts.  
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3  Investigations of Elastomeric Materials   
  
3.1 Introduction to Solid-state NMR for Elastomers  
 
In this chapter the use of NMR magnetization relaxation methods and NMR imaging methods 
in real time NMR experiments and quality control NMR are discussed. The use of  transverse 
magnetization-relaxation experiments for characterizing various types of viscoelastic 
materials, and analysis of the chemical cross-links density and of physical network junctions 
are also discussed. 
 
3.1.1 Elastomers and rubber like materials 
 The chemical cross-links density and physical network junctions largely affect the 
mechanical properties of elastomeric materials and polymer blends containing rubbery 
components. Significant differences in network topology and properties may often be caused 
by the type of curing method [Lit2002]. It can be molecular scale heterogeneity or spatial 
heterogeneity. The following types of molecular-scale heterogeneity may occur : 
(a) heterogeneity in the distribution of network junctions, 
(b) polymer chains unattached to the network 
(c) dangling chains and loops 
(d) type of network junction, i.e. functionality and bulkiness which determine the network 
junction’s ability to fluctuate may also affect the mechanical properties. 
A difference in curing conditions in the sample volume, for example a difference in 
temperature or in the concentration of vulcanization agents, will result in spatial heterogeneity 
of the network structure.  
Elastomeric rubber  products are 3-D networks of macromolecular chains filled with 
various additives, such as waxes and mineral fillers or carbon black. The 3-D network is 
formed while using a specified formulation of components after mixing in a process similar to 
baking bread, making the dough according to a particular recipe. The formation of cross-links 
and the distribution of filler particles are statistical. So there are short and long intercrosslink 
chains as well as regions with few and regions with many filler particles  [Blü2003a]. In 
addition, filler particles may aggregate (Fig. 3.1.1) [Blü2003b, Lit1999a, Kuh1934a], the 
curing temperatures may be distributed unevenly, and the wrong constituents may have been 
chosen accidentally for compounding.  
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The incorporation of fillers in rubber is of great significance because use of fillers not 
only enhances the end product’s mechanical properties but can also decreases its costs. It is 
generally assumed that the nature of the elastomer-filler interactions is of major importance 
for improving the mechanical properties of filled rubber at high elongation values. The 
elastomer–filler interactions are evidently of such great importance due to the large total 
elastomer-filler contact area. For economical reasons, mixing and curing times are kept as 
short as possible to meet the required specifications of the product. The consequences are 
twofold: First, to assure equal product quality over long times as personnel change or get tired 
and as machines wear out, continuous product monitoring is required for comparison of the 
current product quality with  that of a chosen reference product. Second, due to the statistical 
nature of the cross-links, filler, and defect distributions, a single measurement of a product 
property − such as the hardness of  the rubber part at a selected spot − will be insufficient. 
Rather, the property should be tested at different equivalent spots and its distribution should 
be analyzed − for example, in terms of the statistical mean and its standard deviation (Fig. 
3.3.5) as explained later (3.3.2). 
Besides chemical cross-links the following types of physical network junctions may occur 
in elastomeric rubbery materials : 
(a) Junctions that are formed due to chain adsorption at the surface of active fillers, 
(b) Temporary and trapped chain entanglements, 
(c) Junctions deriving from strong hydrogen and ionic bonds, 
(d) Junctions that are formed by crystallites, and 
(e) Junctions that are formed at the interface of polymer blends and those in materials 
     that reveal nano-scale phase separation. 
These are variables in the network structure that can be utilized to modify the properties of 
cured elastomeric materials.  
 
Methods to Analyze Network structure 
Before relating mechanical properties to the composition of elastomeric or rubbery 
compounds and curing chemistry it is necessary to understand the network topology of the 
resulting cured materials. The methods that are used to analyze network structures can be 
generally subdivided into three categories on the basis of their methodology. 
(a) Characterization of physical properties of cured materials in relation to volume average 
network density:  
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The most common methods are equilibrium swelling and mechanical measurements 
[Har1985, Tre1975]. Mechanical methods provide information that is useful for practical 
applications, such as information on the modulus of elasticity, ultimate tensile properties, and 
glass transition temperature (Tg). Rubber elasticity theory is used to relate a measured quantity 
to the density of chemical and physical cross-links but still discrepancies between theory and 
experiment remain, e.g., the role of chain entanglements, network defects and network 
heterogeneity. 
 
Table 3.1.1  Examples of material properties for polymers and elastomers. 
State parameters 
 Molecular orientation  
 Stress, strain 
 Moduli of shear, compression and elasticity  
 Viscosity of shear, bulk and extension 
 Cross-link density of elastomers 
 Molecular order parameters 
 Distribution and agglomeration of filler particles  
 Pore-size distribution  
 Temperature distribution  
 Correlation times of molecular motion 
 Spectral densities of molecular motion 
Transition parameters and kinetic parameters characterization 
 Physical ageing  
 Chemical ageing 
 Vulcanization and curing processes 
 Concentration changes in chemical reactions 
 Thermal heating under load 
 Fluid permeation, drying 
__________________________________________________________________________   
 
(b) Analysis of chemical conversion and cure chemistry : 
Several techniques are used for this purpose, e.g., optical spectroscopy [Dias2000], high 
resolution NMR spectroscopy and titration of non-reacted functional groups. The 
spectroscopic methods can be used for quantitative analysis of cross-links [Bau1986, 
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Kön1998, Gro1992]. The physical network junctions are virtually not detected by 
spectroscopic methods. Chemical conversion is usually closely related to the network density. 
However, no exact quantitative information on the network structure can be obtained because 
reacted groups can also result in mechanical cross-links, such as chain loops and chain 
branches. Besides, side reactions, which may lead to the formation of the additional cross-
links, complicate data interpretation due to overlapping of signals from different types of 
chemical groups in complex mixtures. 
(c) Analysis of molecular mobility of polymer chains is used to study the network density and 
its heterogeneity: 
Dynamic mechanical analysis (DMA) and dielectric spectroscopy provide information about 
the mobility of mobile chains, which is linked to the network density [McC1967].  One of the 
most informative and sensitive methods of network analysis is solid-state NMR. NMR 
imaging or NMR microscopy is used to determine the spatial heterogeneity of elastomeric 
materials on a scale of 15-50 micrometers [Blü1994b, Adr1999, Blü2002a, Cal1991b].  
Elastomeric chain motion is closely coupled to the length of network chains. Different types 
of NMR relaxation experiments are used to analyse local and long range spatial mobility of 
polymer chains. Hence, the chemical information on network structure and network defects 
can be obtained in this way. Relationships between NMR relaxation parameters, dielectric and 
mechanical properties (table 3.1.1) have been established [Blü2000]. 
 
3.1.2   NMR Relaxometry in Elastomers 
Relaxation is the process by which the magnetization states approach their thermodynamic 
equilibrium values. Because polymers are rich in protons, considerable effort has been spent 
to model time-domain NMR signals of polymers in terms of molecular structure and 
dynamics [Fed1989]. Expressions for relaxation times and second moments have been 
derived, for instance, to characterize the crystallinity in semicrystalline polymers and the 
cross-link density in elastomers [Göt1985], the dependence of the T2 relaxation time on 
applied strain for elastomers and gels [Coh1993], and swelling of polymers [Mar1971]. 
In the last two decades considerable progress has been made in elastomer 
characterization by transverse or spin-spin (T2) relaxation methods. The principle for using 
such relaxation experiments is based on the high sensitivity of the relaxation process to chain 
dynamics involving large-scale chain motion in elastomers at temperatures well above the Tg 
and in swollen networks. 
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 In Fig. 3.1.1 [Blü2000], a simple model of an elastomer network is shown. The 
segmental motion of inter-cross-link chains is fast but anisotropic at temperatures of 100-150° 
K above the glass transition temperature. Reorientation of the end-to-end vector R of a such a 
chain occurs on a much slower time scale because it appears fixed between seemingly static 
cross-link points. As a result of the fast but anisotropic motion, the dipolar interaction 
between spins along the cross-link chains is reduced but not averaged to zero, and a residual 
dipolar coupling remains [Got1976, Lit1998]. 
              (a) 
 
              (b) 
Aggregate
 
Fig. 3.1.1 [Blü2000]: A cross-link chain in the elastomeric rubber network. (a) From the Kuhn rule 
[Kuh1934a] it can be decomposed into Ne freely jointed but rigid segments. Their length and their 
number Ne depends on the temperature and the stiffness of the chemical structure. (b) [Lit2000a] 
Schematic representation in a carbon black-filled elastomer [Lit1999a]. The symbol ⋅⋅⋅⋅⋅⋅ indicates 
elastomer – carbon black adsorption junctions. The length scales in this figure and the EPDM/carbon 
black volume ration are fictional. For simplicity, none of the contacting carbon black aggregates, 
which form agglomerates, have been included.  
 
 Dangling chain ends and even a sole part are often included in the simple model 
shown in Fig. 3.1.1 [Men1997, Sim1991]. Neglecting the sole part, the T2  is assigned to the 
rapidly moving segments of the cross-link chains.  Relaxation of the slowly moving cross-
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links is described by the correlation time τs. Based on the Anderson-Weiss model of 
relaxation [And1953] the decay of the Hahn-echo amplitudes of the transverse 1H 
magnetization as a function of the echo time  tE  has been derived [Sim1991]: 
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where M2 is the intramolecular part of the second moment of the rigid lattice 1H line-shape 
and qM2 is the residual second moment resulting from anisotropic motion of the chain 
segments. M2 can be determined at temperatures below the glass transition from transverse 
relaxation in samples which are swollen in a hydrogen-free solvent like CCl4.  
The factor q contains contributions from physical (q ″) and from chemical (q′) cross-
links. Through temperature dependent studies both contributions, physical and chemical, can 
be separated because the number of effective physical cross-links depends on temperature and 
the number of chemical cross-links does not. It has been shown that the cross-link density 
[Mc] is proportional to q′. Given the reduced accuracy of relaxation curves measured with 
spatial resolution, (eqn. 3.1.1) has been used for imaging of cross-link densities in an 
approximated form by expanding the second exponential and truncation after third term. As a 
result, the signal decay can be described by a sum of a Gaussian and an exponential term, 
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Images of the four parameters A, B, T2 and qM2 have been obtained from a fit of (eqn. 3.1.2). 
For example,  A / (A+B) is interpreted as the concentration of cross-link chains, and B / (A+B) 
as that of the dangling chains.  
 
3.1.3  NMR Relaxometry with NMR-MOUSEs 
Almost any proton bearing material gives rise to a signal from the NMR-MOUSE. Rubber is 
easy to measure, because in most cases relaxation times are long. A central parameter of 
interest in the elastomer industry is the determination of the cross-link density.  This is usually 
accomplished either by dynamic-mechanical relaxation measurements, by swelling, or by 
indentation methods. Noninvasive in situ analysis is difficult, and here NMR-MOUSE plays a 
vital role as it is non-destructive. Although the magnetic field of the NMR-MOUSE are highly 
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inhomogeneous, the transverse magnetization decay nevertheless depends on cross-link 
density (eqn. 3.1.2). In general, the relaxation times probe molecular mobility via residual 
dipolar couplings indicative of chain stiffness in elastomeric materials. With the NMR-
MOUSE the relaxation times, T1, T2 and T2eff , can be measured by single and multi-Hahn 
echo techniques as well as their solid-echo counterparts. For example, the transverse 
relaxation times determined by measurements with multi-solid echo trains by the NMR-
MOUSE at 17.5 MHz follow those determined at 300 MHz with a conventional DMX 300 
spectrometer in homogeneous fields [Blü1998]. In particular, the NMR-MOUSE can be used 
for monitoring of vulcanization processes. For example, the cross-link density of NR 
increases with increasing curing time up to the inversion point at about 10 minute  [Blü1998]. 
From then on, overcure sets in and cross-link density decreases again. In many cases NMR 
relaxation times continue to decrease with increasing curing time also beyond the point of 
reversion of the cross-link density. An explanation  of the phenomenon can be sought in the 
details of the chemistry going on during formation and destruction of cross-links, and during 
chain scission. 
 
Dependence on concentration of cross-linking agents 
The transverse relaxation time T2 (from Hahn echo decay), T2e (from Solid echo 
decay),  and T2 (from CPMG echo decay)  depends on cross-link density in different ways. 
Because the solid echo refocuses the dipole-dipole interaction of isolated spin pairs 
completely and the linear spin interactions to 50%, the relaxation time T2e shows little 
variation with cross-link density for weakly cross-linked materials, where the residual dipolar 
couplings along the intercross-link chains are largely restricted to  interacting proton pairs. In 
this regime the Hahn echo relaxation time T2 is more sensitive to cross-link density. At higher 
values multi-centre dipolar interaction become important. They are not completely refocused 
by the solid echo. As a consequence, the solid echo decay is more sensitive to cross-link 
density at high values. This is demonstrated in (Fig.  3.1.2 (b)) for a cross-link series of SBR 
[Gut1998], where cross-link density is measured by the amount of sulphur in parts per 
hundred (phr). 
A change in cross-link density correlates with a change in the glass-transition 
temperature Tg [Eli1990]. An accurate determination of the glass-transition temperature is 
achieved by temperature-dependent measurements of the loss factor tan δ  =  E″ / E′ , where 
E″ and E′ are the loss modulus and the storage modulus, respectively. Fig. 3.1.2 (c) 
demonstrates that such temperature-dependent measurements on test samples could be 
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replaced by measurements of transverse relaxation times by NMR-MOUSE at room 
temperature [Blü1999]. Rapid measurements of multi-echo trains by the CPMG method 
provides the desired information. Steady-state methods can also be used, corresponding to 
presaturation by starting from a dynamic equilibrium value. Presaturation has little effect on 
the resultant transverse relaxation times, because T1 often shows little dependence on cross-
link density. 
 
Investigation of liquid-solid systems 
The selectivity in  investigations of systems composed of liquids and solids is provided by the 
strong field gradient of the NMR-MOUSE. The signals of molecules subject to unrestricted 
and fast diffusion are efficiently suppressed within a few 100 µs, and only the signals of the 
solid components are detected. This is illustrated by normalized Hahn-echo decay curves of 
poly(butadiene) lattices. A latex consists of cross-linked polymer particles which are 
suspended in a liquid like water. At an echo time of 1 ms, the water signal has disappeared, 
and the remaining signal  derives from the differently cross-linked poly(butadiene) particles. 
Different decay rates are obtained for small, medium and high cross-link densities (Fig. 3.1.2 
(e) ) [Blü1992]. 
 
Orientation dependence of transverse relaxation time 
In soft matter with macroscopically oriented molecules, the transverse relaxation is 
anisotropic, because the partially averaged dipolar interactions follow the macroscopic 
molecular orientation [Ful1985, Kre1994, Teg1983]. Consequently, the transverse relaxation 
depends on the angle between the direction of macroscopic molecular order and the magnetic 
field B0. For small samples, such investigations can be carried out in conventional NMR-
magnets or imagers. For large samples single-sided NMR can be used, because the device can 
be rotated with respect to the object. Thus, molecular orientation can possibly be probed non-
destructively in polymer products. This feature is demonstrated by measurements of the 
orientation dependence of the transverse relaxation time in pig tendon (Fig. 3.1.2 (f)) 
[Blü1998]. 
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Fig. 3.1.2 [Blü2000]: Applications of the NMR-MOUSE to soft matter analysis. (a) Comparison of 
normalized transverse relaxation times of a carbon-black filled NR for different curing time measured 
at 300 MHz (DMX300) and with the NMR-MOUSE at 17.5 MHz [Blü1998]. (b) Transverse 
relaxation times for different cross-link densities of unfilled SBR measured by the solid echo and 
Hahn-echo methods [Gut1998]. (c) Correlation of transverse relaxation times at 300 K with the glass 
transition temperature Tg for unfilled SBR samples by the CPMG and steady-state CPMG methods 
[Blü1999]. (d) Conventional determination of Tg  from the maximum of the temperature-dependent 
loss factor tan δ  [Blü1999]. (e) Normalized Hahn-echo decay curves of poly(butadiene) lattices. 
Different decay rates are obtained for small, medium , and high cross-link densities [Blü1992]. (f) 
Orientation dependence of the transverse relaxation rate in pig tendon [Blü1998]. The angle measures 
the orientation of the long axis of the tendon with respect to the direction of the magnetic field B0. 
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Relaxation time measurements in presence of ferromagnetic component 
Since echo methods are used for measurements with the NMR-MOUSE, ferromagnetic parts 
near the sensitive volume of the NMR-MOUSE do not necessarily hamper its use. Even mate- 
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Fig. 3.1.3 [Blü2000]: Analysis of a section from a conveyor belt with steel cords by the CPMG 
method starting from thermodynamic equilibrium and from dynamic equilibrium corresponding to 
partial saturation [Zim1997]. (a) Sketch of the sample and positions of measurements. (b) The 
transverse relaxation times for one side of the belt reveal homogeneous material. (c) The transverse 
relaxation times for the other side indicate considerable inhomogeneity.  
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rial disintegration  induced by artificial weathering in 0.5 mm thick PVC coatings on 1 mm 
thick iron sheets have been detected [Zim1997]. Depending on the field distortions, the 
sensitive volume has to be recalibrated and then depth-resolved measurements of steel-belted 
car tyres can be conducted or conveyor belts with steel cords can be investigated. Fig. 3.1.3 
illustrates this point by showing the variation of the T2 values for both sides of a conveyor belt 
sample. Clearly, one side (b) is more homogeneous than the other (c). 
 
3.1.4 NMR Imaging Methods  
The principle for NMR-Imaging is based on the dependence of the NMR resonance frequency 
to the main magnetic field, ω0 =  γ B0. The resonance frequency becomes spatially dependent 
in the presence of a magnetic field gradient, G, so that the NMR spectrum becomes a 
projection of the spin density. In chapter 2, the pulse sequences and the principles of space 
encoding are mentioned, and the so called ‘k-space formalism’ is explained [Blü2000]. 
Technical rubber samples have been investigated with gradient-echo imaging 
technique. During the generation of a Hahn echo, the magnetization is inverted and a recycle 
delay tR of the order of 5 T1 is required for the magnetization to relax back to thermal 
equilibrium. If instead of a two pulse Hahn echo excitation, only a single small-flip angle 
pulse is used, the magnetization is not appreciably perturbed from thermal equilibrium, and 
the flip angle can be optimized for maximum signal-to-noise ratio, given the recycle delay tR. 
The optimum flip angle is the Ernst angle [Ern1987], 
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    Typical flip angles are of the order of 15°. The intensity of the FID after such a pulse 
corresponds to 25% (sin15°) of the intensity after a 90° pulse. However, more than 96% 
(cos15°) of the longitudinal magnetization are preserved, enabling fast repetition rates. 
Selecting the shortest possible excitation pulse separation and setting the flip angle close to 
the Ernst angle is the idea underlying the fast imaging schemes referred to as FLASH imaging 
[Haa1986] or GRASS imaging [Utz1986].  
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3.2 Cable insulators  
3.2.1 Experimental : Sample Preparation and their Properties 
Samples from IFHT, IKV, and Industry 
Liquid silicone rubber (LSR) test samples were prepared by casting method at the Institute for 
high voltage technology (IFHT). At the Institute for plastics processing (IKV), LSR test 
samples were prepared by injection moulding. Commercial LSR shells for high energy cables 
were obtained from Wacker Chemie GmbH from Munich for analysis by NMR [Blü2001] as 
well as by ultrasound [Corn2002]. The ultrasound measurements were done at IFHT and are 
not reported here. 
 
PE Samples from IFHT 
The production of laboratory test specimens of different geometry made of polyethylene is 
well established at the IFHT. Typically they are molded from polyethylene granulates (BASF 
Lupolen 1812 DSK) for subsequent testing by electrical discharges in a needle-plate geometry 
of the electrodes. Some commercial cable shells were heated in an oven to 180°C for two 
hours. Subsequently, the oven was evacuated (pressure: 200 torr = 0.2667·105 Pa) and heated 
at 200°C. There the test specimens remained for 20 hours, slowly returning then to ambient 
temperature and normal pressure.  
The production of test specimens from silicone rubber had to be reestablished to 
assure optimum sample quality. The chemical compounds were provided by Wacker Chemie 
GmbH Munich. LSR educts are delivered in two components component A and B 
correspondingly to polymer and cross-linker which must be mixed in the stoichiometric ratio 
1:1. For the production of test specimens the same quantities of these components were 
accurately measured and mixed. During mixing  an under pressure of 104 Pa was applied in 
order to remove enclosed bubbles from the material mixture. Lower pressure are avoided to 
prevent changes of the molecular structure of the material. The viscous mixture is pored into 
form of given shapes. At this stage electrode needles or special inhomogeneities are 
introduced into the test specimens. The mixture is then cured under normal pressure for two 
hours at 120°C. 
Two series of cable sets and differently cross-linked LSR test specimens as well as 
further selected test specimens were examined (Fig. 3.2.1, Tab.3.2.1).  
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Fig. 3.2.1: Samples investigated: Left: shells for high-voltage cables: unstretched and stretched 
produced by Wacker Chemie GmbH. Right: LSR samples prepared by the casting method at IFHT.   
 
The investigated samples were received from Wacker Chemie, IFHT, and IKV and are 
essentially the same, which were examined also by ultrasonic method. The samples are 
described as follows: 
- Cable Sets, Series 1: Cable sets were examined when new (V1), after expansion (V2), 
following electrical discharge and following electrical and thermal aging (V3) by dissipation 
of heat generated by dissipation of electrical energy. The last case corresponds to the 
operating condition of the cable.  
 
- Cable Sets,Series 2: The cable sets of series of 2 corresponded to the same as those of series 
1 but delivered at different time. Expanded and other non-expanded  sets were examined, 
which were annealed at 150° C (G1 and G3) and others to 200° C (G2 and G4) directly 
following production. 
 
- The test specimens of the series of 1 (P4.1 to P4.9) and 2 (PVI/1 to PVI/9) were 
manufactured at the IFHT by the casting method by mixing the components A and B and 
subsequent  cross-linking at 120° C for different times. The test specimens of the series of 1 
were measured by NMR only several days and weeks following production.  
 
- The test specimens PN and PI2 were cross-linked  at 120° C for 120 minutes. Test specimen 
PI2 was measured under uni-axial mechanical compression of 10 %. 
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- The test specimen PT, corresponded in the production to the test specimens PN and PI2, 
however, it was electrically aged in needle-plate electrode arrangement for formation of 
electrical trees using a  5 mm electrode gap and 12 kV [Cor2002].  
 
- The test specimen P2 was a rectangular LSR sample with dimensions of  approximately 39 x 
29 x 28 mm3 embedded on three sides into harder LSR material of approx. 10 mm thickness. 
Both materials were cross-linked at 120°C for 45 minutes and 165 minutes, respectively.  
 
3.2.2 Experimental : Relaxometry and NMR Imaging 
The following experiments and work were planned and accomplished: 
1.) Conventional NMR Imaging and imaging of relaxation times to certify the sample 
quality with regard to homogeneity and defects in the produced samples. 
2.) Technical and methodical advancement of the NMR-MOUSE for in situ 
investigations. 
3.) Systematic investigations of industrial cable samples. Emphasis was mainly on 
electrical aging and the detection of more water treeing and electrical treeing in  
comparison with ultrasound measurements at IFHT Institute. The  investigations were 
performed to show in how for sample stretching and electrical aging can be detected 
by NMR relaxation measurements without specific identification of the regions of 
electrical treeing. 
 
The homogeneity of section cut from the cable shells was examined with spin echo NMR 
imaging. Round inhomogeneities were detected which are attributed to filler agglomerates 
(Fig. 3.2.15). In the electrically aged test specimen no local structures like electrical or water 
trees could be determined with conventional NMR imaging. 
All samples were subsequently examined in detail with the NMR-MOUSE. Different 
techniques were used for the measurement of the signal decay, i.e., the Hahn-Echo method, 
the CPMG-method, and the OW4-method. Later on only the multi-echo methods were used 
which take less time, and hence are good for practical applications. 
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wTabel 3.2.1. Sets and sample test specimens  
 
sets, 
series 1 
 V1: new V2: 
stretched 
V3: 
stretched 
and aged 
      
sets,    
series 2 
G1: at 150° 
C annealed  
G2: at 200° 
C annealed  
G3: at 
150° C 
annealed, 
stretched 
G4: at 
200° C 
annealed, 
stretched 
     
test 
specimens, 
serie 1, 
cross-
linked. 
40×40×20 
mm3  
P4.1: 40 
min 
P4.2: 50 min P4.3: 60 
min 
P4.4: 70 
min 
P4.5: 
80 min
P4.6: 
90 min
P4.7: 
100 
min 
P4.8: 
110 
min  
P4.9: 
120 
min 
test 
specimens, 
series 2, 
cross-
linked 
40×40×20 
mm3  
PV1/1: 41 
min 
PV1/2: 46 
min 
PV1/3: 51 
min 
PV1/4: 56 
min 
PV1/5: 
61 min
PV1/6: 
66 min
PV1/7: 
71 min 
PV1/8: 
76 min  
PV1/9
120 
min 
 PN: Spec. PI2: Spec. PT: Spec. P2: Spec.      
special test 
specimens 
New, not 
stressed, 
39×19×19 
mm3 
by 10%, 
mechan-
ically com-
pressed  
 38×20×19 
mm3 
with 
electrical 
trees, 
22×20×19 
mm3 
with  hard 
and soft 
range, 
100×50×50 
mm3 
 
     The experimental data were fitted with different functions, and the fit parameter correlated  
ith the sample characteristics. The following fit functions were used: 
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exp σ  [3.2.1e] 
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 Which function gives the best fit results depends on the type of sample and on the echo 
time. Although for measurements in homogeneous fields the quantities A, B, T2, σ  describe 
the characteristics of the sample,  in the case of NMR-MOUSE, these quantities are dependent 
on the echo time and geometry of the magnetic fields of the NMR MOUSE because of the 
strongly inhomogeneous fields. Beyond that these parameters depend on the sample 
temperature, which is determined on the one hand by the room temperature, and on the other 
hand, by heating up of the high frequency coil due to electrical losses when pulsing at high 
pulse rates. Reproducible results are to be received only if the parameters of the measuring 
sequence are invariably maintained with same conditions of temperature and the same probe. 
Otherwise procedures for the extrapolation of the measured values to reference values must be 
sought. The data obtained after measurements with the CPMG and the OW4-multi-echo 
methods, gave a best fit with biexponential function (eqn. 3.2.1b). For measurements with the 
Hahn-echo method one receives a Gaussian behavior in the   measured signals, and depending 
upon the signal-to-noise ratio the fit takes place with equations (eqns. 3.2.1a, 3.2.1d, 3.2.1e). 
Besides T2, the quotient A / (A+B) also is a measure for the cross-link density or the hardness 
of the rubber material. 
 
 NMR method for the measurement of transverse magnetization decay 
 Unilateral NMR sensors like the NMR-MOUSE use inhomogeneous magnetic polarization 
fields B0 and inhomogeneous high frequency measuring fields B1 in contrast to NMR 
spectroscopy in chemical analysis and to nuclear spin tomography in medicine. For this 
reason echo procedures for the detection of the measuring signal must be used (Fig. 3.2.7). By 
suitable preparation of the initial condition the transverse magnetization decay  cannot only be 
pursued, but also used to indirectly probe other nuclear spin states like double quantum 
coherences. 
Depending on the cross-link density and other parameter, the characteristics of the 
multi-quantum signals change along with the molecular dynamics and the material parameters 
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just like the NMR relaxation times or the variance of the Gauss decay. The transverse 
relaxation time T2 and the variance σ  are the time constants for the decay of the directly 
measurable transverse magnetization. On one hand it determines the contrast in spin echo 
images (see eqns 3.2.2a,b and 3.2.3a,b), and on the other hand it can also be measured in 
inhomogeneous magnetic fields with the NMR MOUSE.  
Measuring procedures for this are on the one hand the Hahn-echo, that for echo time tE 
for scanning a magnetization decay in time-consuming way, and on the other hand multi-echo 
pulse sequences after Carr, Purcell, Meiboom and Gill (CPMG) and Ostroff and Waugh 
(OW4), which measure the entire magnetization decay in a passage (Fig. 3.2.7). The CPMG  
 
time
tE/2
transmitter
receiver
tE
90yo 180xo 180xo 180xo
exp{- / }t T2
tE tE  
 
Fig. 3.2.7: Multi-echo sequence from Carr, Purcell, Meiboom and Gill (CPMG). The rf transmitter (50 
W) sends pulsed magnetic fields (duration approx. 3 µs), which are marked with 90° and 180°. The 
receiver receives the echo signals (down), whose envelope fades away exponentially with the 
relaxation time T2eff or Gauss-shaped with the variance σ . The distance between the echoes is called 
the echo time. The first two pulses produce the so-called Hahn-echo. If the 180°-pulse is replaced by 
90°-pulse, one receives the OW4 - sequence with improved elimination of the dipole-dipole coupling 
between pairs of coupled protons. The influence of the dipole-coupling between more than two 
protons still remains.  
 
and the OW4-Method are much faster than the Hahn-echo method, but transverse relaxation 
times T2 are higher for the elastomers investigated according to these methods than according 
to the Hahn-echo method, since, due to the B1-inhomogeneity, the magnetic dipole-dipole 
coupling between neighboring protons is made partially ineffective and the effective decay 
time includes contribution from T1 via stimulated echoes [Bal2000, Hür2000]. 
This effect does not arise with the Hahn-echo in good approximation. By the different 
influence of the dipole-dipole couplings on the measured signal decay changes the functional 
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form of the signal of Gauss or Gauss  plus Lorentz (exponential) to bi or even mono-
exponential depending upon measurement with the Hahn-echo or the multi-echo methods. 
 
Multiple-quantum NMR  
With multiple-quantum  NMR  the  signals  are  measured  from  dipolar coupled protons. The  
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Fig.3.2.8: Multiple-quantum NMR with the NMR-MOUSE. (a) principle of multi-quantum NMR, (b) 
NMR pulse sequence, (c) DQ buildup curve of rubber sample with different amount of cross-linking 
agents, and (d) Decay curves of dipolar rencoded longitudinal magnetization for the outside range 
from silicone cable sets. New material, stretched,  as well as stretched and thermally aged material can 
be differentiated clearly.  
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dipole-dipole coupling works effectively only for chain segments, which move anisotropically 
or sufficiently slowly. These are the cross-link chains. The stronger the anisotropy of the 
thermal movement is, the more stronger is the dipole-dipole coupling. Strongly cross-linked 
elastomers and stretched chains show a strong dipole-dipole coupling. Depending upon the 
phase of the high frequency pulses and addition of the measured signals different modes from 
coupled spins can be distinguished. For practical applications the mode of dipolarly coupled 
longitudinal magnetization is most suitable, which can be measured with the pulse sequence 
in Fig. 3.2.8 (b) in the inhomogenous fields of the NMR MOUSE in combination with a 
suitable phase angle [Wie2001]. 
The measured decay of dipolar encoded longitudinal magnetization curves clearly 
differ for differently prepared silicone cable sets. The samples, new, stretched as well as 
stretched and at the same time thermally aged by electrical dissipated heat, can be clearly 
differentiated. The measured curve for the aged sample decays more slowly than that of the 
new sample, which refers to a weaker dipole dipole coupling and to a increased segment 
mobility, which could have resulted from continued fraction of chain segments. The curve for 
the stretched sample decays faster, which is explained by an increased dipole-dipole coupling 
due to stronger anisotropy of the segment movement. Multiple-quantum experiments were 
also conducted on silicone rubber specimen (bearing electrical trees) produced by the IFHT 
Institute (see results and discussion). 
 
 New NMR-MOUSE Sensors 
The standard NMR-MOUSE consists of an u-shaped magnet, in whose gap a solenoidal coil is 
attached as part of resonant circuits in such a manner that a face of the coil is locked flat with  
the  magnet  surfaces.  The object to be examined is placed on the coil. NMR signals are 
measured with high transmitter frequency (15 MHz) for the layers lying above (3 mm, 
referred as “above layer”), and with lower transmitter frequency (14 MHz) for the layers 
“lying in between” (7.5 mm, referred as “lower layer”), and with lower transmitter frequency 
(13 MHz), for the more deeply lying layers (9 mm). The structure of this NMR-MOUSE is, 
however, relatively complex, in particular regarding the adjustment of the coil and the magnet 
shanks on the iron yoke (Fig. 3.2.9, above left). Therefore, the more inexpensive and robust 
alternative arrangement from a bar magnet with a modified high frequency coil based on an 
intimately operated pair of squared circle coils from next to each other (figure-8-coil 
[Anf2001a]) on one of the front surfaces (Fig. 3.2.9, at the bottom left hand corner and top 
right) was designed. 
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Fig. 3.2.9: Principle of NMR MOUSE sensors. Left top: conventional NMR MOUSE from two 
permanent magnets in U-shape, which are connected by a one iron yoke. In the gap between the 
magnets is the high frequency solenoidal coil [Blü1998]. Left bottom: new bar magnet NMR MOUSE 
from a single magnet [Cas2003]. As a coil, a figure-8-coil or similar composite coils can be used 
[Anf2001]. These coils produce the high frequency magnetic fields parallel to the pole face of the 
magnet. Top right: Photo of the new bar magnet NMR-MOUSE with cable set G4. Right bottom: 
signal from an OW4-measuremen of shell G4 acquired in  30 minutes. 
 
The figure-8 coil is insensitive regarding interference signals from the far field and 
own radiation, since the two oppositely phased coils in the far field, send and receive only the 
difference signal. The measurement sensitivity is high, but the coil geometry must be 
optimized  to the penetration depth necessary for the required investigation. In assessment of 
the cable sets, however, should only be conducted when it is clear, in which depth range the 
condition of the insulating material can be best determined by NMR. 
 
3.2.3 Results and Discussion 
a) NMR Imaging [Blü2000, Blü1998b]: Conventional spin echo images s(r) were measured, 
where the signal intensity at place r is specified by the number of Mz(r) of the protons and the 
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transverse relaxation time T2(r) and/or the variance σ (r). In a practicable approximation an 
exponential relation applies to liquids and waxes and a Gauss-shaped connection to cross-
linked networks like elastomer in elastomers 
 
s(r, tE) = Mz(r) exp{-tE/T2(r)}                                                       [3.2.2a] 
  
                           s(r, tE) = Mz(r) exp{-tE2/[2σ2(r)]}.       [3.2.2b] 
 
The value of Mz is sensitive to filler inhomogeneities, T2 and σ are sensitive to the 
molecular movement of the macromolecular chain segments and thus to the cross-link 
density, and the echo time tE is an experimental variable. By taking images with different 
echo times and formation of the quotient of both images one receives images showing the 
distribution of the relaxation times T2 (r) or the variance σ (r), 
 
s(r, tE2)/s(r, tE1) = exp{-(tE2-tE1)/T2(r)}  ,                                     [3.2.3a] 
 
                              s(r, tE2)/s(r, tE1) = exp{-(tE22-tE12)/[2σ2(r)]}  .     [3.2.3b]
  
Fig. 3.2.2 shows two spin echo images, the associated quotient image and the 
logarithmic image of a section from a silicone cable shell. The set consists of two rubber 
layers where the inside layer is filled with carbon black. A photo of the section is shown in the 
center above. The NMR images are projections along the long side of the section and show 
the profile of the front surface. The thin black stripe at left side of the sample is not 
recognized in the NMR images, however the carbon-black filled region and the unfilled 
region can be differentiated well from each other.  
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Fig. 3.2.2: NMR images of a small cut portion (Photo, top, middle) from a  silicone rubber cable set. 
Left: spin-echo image. Right: quotient image (bottom) relaxation image (top). 
 
A piece of the silicone rubber sample was fixed in a glass tube suitable for carrying the 
NMR imaging experiments and was slightly compressed at the left upper edge. The 
deformation is  recognizable clearly in the image contrast. In fact, it is a reference to pressure  
effects detected with the NMR. Further two weak stages are to be recognized parallel to the 
boundary line between both layers in the two Hahn-echo images in the left outside part of the 
sample. In the quotient image these features do not arise, which points out that they concern 
effects of the proton density. It is to be assumed that these weak features are due to the 
production process. In the relaxation rate image (Fig. 3.2.2, up right), the carbon–black filled 
region appear with lower relaxation times. 
Fig. 3.2.3 shows a series of spin echo images of the same segment of the cable shall 
for different echo times tE and thus for different relaxation stages. For short echo times they 
correspond to the left images from Fig. 3.2.2. For long echo times defects become visible. 
This phenomenon can be explained by relaxation of transverse magnetization, i.e. dephasing, 
in different ways for rubber, and liquid-like or wax-like components. The signals from the 
rubber relax in Gauss-shaped form due to remaining dipolar couplings of the  macromolecular 
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network. Small non-cross-linked molecules such as waxes or liquid components relax rather 
exponentially. The fact that a signal seems to become larger with long echo times, can be 
explained with exponential relaxation of the defects contrary to Gauss-shaped relaxation of 
the rubber network, even if the defects contribute only signals within the percent range. 
Therefore, the defects are likely to be wax agglomerates or non-cross-linked small molecules.  
 
 
Fig.3.2.3: Spin-echo-images for different echo times. With long echo times two defects become visible 
in the left display, which refer to very soft material. 
 
In the samples of a cross-link density series, which were manufactured at the IFHT, 
inhomogeneities in spin echo images were also discovered. Fig. 3.2.4 shows 12 consecutive 
2D cross-sectional images spaced of 1.5 mm apart of a weakly cross-linked sample. In the 
middle range a curved band structure is recognized. Beyond that small circular defects of 
different diameter are present on different cross-section of the sample. Defects from 
agglomeration of components in the formulation with a high diffusion coefficient, are likely 
to dissolve at the elevated temperature of the vulcanization process.  
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Fig. 3.2.4:  Spin-echo cross-sectional images of a large rectangular block sample from silicone rubber 
with dimentions 20x20x18 mm3, which was weakly vulcanized for 50 min. at 120° C. The slices were 
measured over 1.5 mm. There is a small round inhomogeneities and a large, curve-shaped 
inhomogeneity (cuts 3 to 6) to recognize. 
 
With long vulcanization’s time only the circular defects are  present (Fig. 3.2.5). The 
quantity of the defects is small compared with that in commercial rubber products. Therefore, 
sample quality can be called comparatively good. The sample production can be called 
thereby very good. The weak brightness differences over the image are artifacts caused by the 
tomographs.     
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Fig. 3.2.5: Spin echo slice images of a rectangular block sample from silicone rubber with dimension 
20 x 20 x 18 mm3, which was vulcanized for a long time for 120 min. at 120° C. The slice thickness 
was 1.5 mm. There is only one small round inhomogeneity (slice 4).  
 
b) Comparison of the NMR imaging results with measurements with the NMR-MOUSE: 
Before going into the details of the forthcoming discussion, a short description of the  
technical and mechanical features of the NMR-MOUSE for in situ investigations is given. 
Differently conditioned  cable  shells  were tested (samples V1 - V3). In addition to relaxation  
 
Fig.3.2.6 [Blü2001]: Measurement setup for the NMR-MOUSE. Left: laptop for controlling the 
measurement and for evaluation of the measured data. In middle: PC NMR spectrometer. Bottom 
right: NMR-MOUSE with a section of a silicone rubber shell. 
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measurements, advanced multiple-quantum techniques [Wie1999] were applied with the 
NMR-MOUSE. Further a new NMR-MOUSE sensor with a bar magnet and a butterfly coil 
arrangement [Cas2003] was built and tested for the first time at cable insulation set. 
 In the first NMR imaging study (section (a)) of samples from industrial LSR cable 
shells, it became clear that the image contrast correlates with the relaxation rates 1/T2(r) and/ 
or 1/σ(r) (see Fig. 3.2.2), and the relaxation times from measurements with the NMR -
MOUSE in different depths. The results are summarized in Fig. 3.2.7 (cf. Fig.3.2.15 for the 
circular inhomogeneities)  for the different layers of the shell. They were measured at 7 Tesla 
in the NMR tomograph and  the differences in T2 measured at 0.5 Tesla with the NMR- 
MOUSE are consistent. The best fit of the measured data for the CPMG sequence were 
obtained for the biexponential function (3.2.1b). The relaxation times T22 or T2,long (NMR -
MOUSE) on the outside is higher than inside. Accordingly the relaxation rate (quotient 
images) low and high intensity in the respective regions. Further, the relaxation time is shorter 
with the stretched sample than with the unstretched one, which refers to a higher chain 
rigidity of the stretched or lengthened sample. With the aged sample the relaxation time is 
longer. The sample becomes softer, which can be explained with Mullins effect.  
 
Fig. 3.2.15 [Cor2002]: Conventional NMR spin echo image of a section of a cable shell. Several 
circularly shaped inhomogeneities can be seen in both regions, outside  as well as inside the shell. 
  
The results obtained with the Hahn echo method using the NMR-MOUSE are also in 
agreement with those data. The measuring curves show a clear Gauss portion (Fig. 3.2.8). 
They were evaluated with equation (3.2.1d).  
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2
2
2
11 exp2
exp σ            (3.2.1d) 
The relaxation times T2 obtained here are much shorter than those from CPMG 
measurements, since with multi-echo sequences (see Fig. 3.2.7) the dipole-dipole coupling 
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between neighboring protons is made partly ineffective, and the effective CPMG relaxation 
rate includes contribution from T1, while this is not in the case of the Hahn echo.  
Because of the clearly longer measurement time (1 hour for 3 mm of depth) the Hahn -
echo measurements were accomplished only for the outside layer in 3 mm of depth, since the 
signal-to-noise ratio decreases with the depth and the measurement times for larger depths 
would be far too long to be practical. It is pointed out that for the shell designated as stretched 
the measurement was carried out in the relaxed condition after removal of the deformation.  
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Fig. 3.2.7: Comparison of NMR images and measurements with the NMR-MOUSE of cable shells. Left top: 
Signal decay measured with the CPMG sequence for an echo time, tE = 0.5 ms. Right top: Photo of a cable set 
section and transverse relaxation echo envelope decay pictures for the samples V1, V2 and V3 (see tab. 3.2.1). 
The T22 values measured with NMR-MOUSE at different depth of the cable set modeled with equation 3.2.1b are 
indicated in the Table for two different positions. The measuring positions are marked in the images left, top. 
The measurement time was 60 minutes in 3 mm and in 7 mm of depth.  
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The fact that opposite to the new series of shells, a reduced relaxation time and thus a higher 
chain rigidity was observed can be explained by the Mullins effect of filled elastomer. 
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Fig. 3.2.8: Hahn-echo measurements in the outside layer of the shells from the V series. The measured 
relaxation times are in agreement with those from CPMG measurements (see Fig. 3.2.11) and the 
decay curves for dipolar longitudinal encoded magnetization (see Fig. 3.2.13 (c)). 
 
 (c) CPMG measurements for cable shells G1 – G4 : The values measured with the NMR-
MOUSE  for the  cable shells were examined and confirmed by similar results for the second 
series. Two unstretched and two stretched shells were measured, one of each annealed at two 
different temperatures 150° C and the other at 200° C (Fig. 3.2.9).  
 
measurement 
    depth
measurement 
    depth
 
Fig. 3.2.9: Cable shells and measurement depths for the NMR-MOUSE.Left: unstretched set. Right: 
stretched set. The results of the measurements are summarized in Tab. 3.2.2 (Appendix). 
While the shell designated as stretched were measured in the relaxed condition in 
series 1, in series 2 they were measured in the stretched condition. CPMG measurements were 
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performed in the outside layer in 3 mm of depth (up) corresponding to 15 MHz measuring 
Larmor frequency and in 9 mm/7.5 mm of depth (down) according to 13 MHz /14 MHz 
Larmor frequency for the unstretched / stretched set, whereby the echo time amounted to 0.5 
ms. The experimental signal decays were modeled by a biexponentiel fit with (3.2.1b). The 
results are summarized in Table 3.2.2 (Appendix). 
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Fig. 3.2.10: The transverse relaxation time T22 (or T2,long) obtained from CPMG experiments for the 
PDMS cable shells. The same measurement point was measured twice with 2048 scans. CPMG 
experiments were performed in the outside layer in 3 mm of depth (up) corresponding to 15 MHz 
Larmor frequency and in 9 mm / 7.5 mm depth (down) according to 13 MHz / 14 MHz Larmor 
frequency for the unstretched / stretched set.   
 
From Fig. 3.2.10 [Table 3.2.2 (Appendix)] it follows that the long relaxation time T22 
or T2,long  correlates well with the characteristics of the shells of series 1 and series 2. For the 
stretched  samples T22 is always shorter in both layers (up / down) than for the unstretched 
samples. Further the shells annealed at higher temperature show the shorter relaxation time in 
the unstretched and in the stretched condition, which is in agreement with the post curing 
during annealing . The reproducibility of the measurements is examined by repetition of the 
measurements under identical conditions at the same position as shown in Fig. 3.2.10 (Tab. 
3.2.3). In the upper layer the error lies within the range of 1 ms, while it lies in the lower layer 
within the range of 3 or 4 ms. The larger error for measurements in deeper layers is due to 
lower signal to noise ratio for more deeply lying layers (higher measurement depths). 
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(a) Measured layer : in the outside layer in 3 mm of depth (up). 
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(b) Measured layer : in the outside layer in 9 mm / 7.5 mm of depth (down). 
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Fig. 3.2.11: The transverse relaxation time T22 (or T2,long) obtained from CPMG experiments for the 
PDMS cable shells. The different measurement points were measured with 512 scans. CPMG 
experiments were performed (a) in the outside layer in 3 mm of depth (up) corresponding to 15 MHz 
Larmor frequency, and (b) in 9 mm / 7.5 mm depth (down) according to 13 MHz / 14 MHz Larmor 
frequency for the unstretched / stretched set. 
 
    The reproducibility of the measured values between different positions is clearly worse 
than at the same position (Fig. 3.2.10). This is attributed to the influence of inhomogeneities 
in samples due to the production (see Fig. 3.2.11). As a check of electrical aging with 
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unilateral NMR, the cable set must, therefore,  be measured at well defined places and, or 
average values from many measuring points must be taken into consideration (see also the 
investigations at test specimens).        
    Contrary to expectation, the number of the scans i.e., the measuring period has an influence 
to the value of the measured relaxation time (Appendix: Tab. 3.2.5). Higher number of scans 
results in higher relaxation times in the upper layer. In the lower layer the effect is not 
observed. This fact is explained with an increase of the sample temperature.  
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Fig. 3.2.12: The transverse relaxation time T22 (or T2,long) obtained from CPMG experiments for the 
PDMS cable shells. The same point was measured with scans 512 and 2048. CPMG experiments were 
performed (a) in the outside layer in 3 mm of depth (up) corresponding to 15 MHz Larmor frequency, 
and (b) in 9 mm / 7.5 mm depth (down) according to 13 MHz / 14 MHz Larmor frequency for the 
unstretched / stretched set.   
 
The coil of the NMR-MOUSE warms up due to the electrical losses and thus warms 
up also the region of the elastomer in contact. To this effect, the waiting period or recycle 
delay between scans can be increased (from 0.1 s to 1.5 s) so that supplied heat can again be 
dissipated. Likewise the NMR MOUSE can be kept at a moderate temperature, e.g. by a 
temperature-constant air flow on the coil of the NMR sensors. 
d) Investigations of Samples: The measurement results of the cable shells were compared 
with data obtained from laboratory manufactured test specimens(Tab.3.2.1: P4.1-P4.9, PV1/1-
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PV1/9, PN, PI2, PI, P2) for different cross-linking, deformation, and electrical ageing. The 
LSR sample which was  subjected  to the  electrical  tree  formation by applying the high volt- 
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Fig. 3.2.13: Electrical treeing investigation by the NMR-MOUSE. (a) The spin echo image obtained 
for the last slice (near end) of the silicone rubber sample (sample PT) which was electrically aged in 
needle-plate electrode arrangement for formation of electrical trees using a 5 mm electrode gap and 12 
kV [Cor2002]. (b) Double-quantum (DQ) build-up curves and (c) dipolar-encoded longitudinal 
magnetization decay curves. (b) and (c) were measured with NMR-MOUSE. 
age at both the ends in needle-plate electrode arrangement was investigated with spin echo 
imaging and NMR-MOUSE (Fig. 3.2.13). The DQ build-up curves and dipolar-encoded 
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longitudinal magnetization decay curves [Sch1999] were measured for different position in 
the test specimen with NMR-MOUSE and Bruker minispectrometer. The spin echo imaging 
was performed at 300 MHz with DMX-300 Bruker spectrometer. One of the slices near the 
bottom in Fig. 3.2.13 has been shown for the defects observed after the high voltage 
application.  From imaging experiment it was expected that central part (marked with blue 
rectangle) which has a needle should be mostly affected than others and would result in 
reduction of cross-linking due to the cleavages brought up in the backbone of  LSR samples 
with the application of high voltage. The other part close to the central point would also show 
the same effect (marked with green rectangle, 1-2) which shows the extension of electrical 
trees in the nearby regions.  One more region which is not affected by the high voltage 
application (marked with red rectangle, 3-4) is shown. This region of the sample is highly 
cross-linked (Fig. 3.2.13). The decay part of the DQ signals usually arises from : (i) the 
transverse relaxation during excitation and reconversion times and (ii) from the excitation of 
high-order MQ coherences in the dipolar network of coupled protons. Here transverse 
relaxation rate is high due to the high cross-linking in this region marked with red rectangle, 
resulting in figure as described and explained in Fig. 2.2.13 (chapter 2). From Fig. 3.2.13 one 
can easily correlate the results obtained from NMR-imaging and with those obtained with the 
NMR-MOUSE.   
For the Hahn echo measurements, the best non-linear fit function was the product of a 
Gaussian and an exponential function (eqn. 3.2.1d) (Fig. 3.2.14).  
 
re
l. 
ec
ho
 a
m
pl
itu
de
echo time [ms]  
Fig.3.2.14: Evaluation of Hahn-echo measurements of the test sample P4.1 over different fit functions 
(eqns. 3.2.1-a,d,e). The simplest  fit function with the best fit is the product of a Gaussian and an 
exponential function (eqn. 3.2.1d). 
The samples were measured in 3 mm depth, both with the Hahn echo method and with 
the OW4-method with different echo times. However, so far no connection between the 
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curing and a fit parameter like T2, σ , T21, T22, A1 / (A1 + A2) could be found. This situation is 
well-known from measurements of the cable sets (above) and at other silicone rubber 
samples. While the reproducibility for T22 or T2,long  in exactly the same place is afflicted with 
an uncertainty of approx. 2% error and  less, the measurements carried out at different places 
cause deviations around 5 % to 10 % in the values of T22 of an allegedly homogeneous 
sample. Since the reproducibility for measurements in at same place is much better, however, 
here also it concerns deviations due to  effects of the manufacturing [Blü2000]. A suitable 
procedure evaluating such reference samples needs to be compiled in the future.  
On the other side for the cable shells, the NMR results were found to be consistent 
with the condition of the shells, so that NMR is suitable for the evaluation of the cable  
condition. To improve the discrimination of different aging conditions multiple quantum 
NMR can be used, which  is more sensitive characterization of the cross-link density than 
possible relaxation times measurements. With these measurements the local damages due to 
electrical treeing at a particular position in the sample can be identified. 
 
 
3.3 Technical Rubber Samples   
This part of the chapter mainly deals with the analysis of the Technical Rubber Samples of 
unknown composition which were obtained from a leading manufacture of rubber products. 
The results show that the NMR-MOUSE can be used for achieving excellence in 
distinguishing the elastomeric samples which are cured differently. Two cross-link series 
were obtained one from natural rubber (B) and one is classic rubber material based on EPDM 
(P). They were analyzed by fitting a stretched exponential function [eqn. 3.3.1] to the 
experimental data. For  each series of samples, B and P respectively, there are three 
parameters, which are characteristic of the samples. Several  measurements have been 
conducted to ascertain the precision and reproducibility, and the extent of variation in 
measured parameters. 
 
3.3.1 Experimental: Sample designation 
Samples were produced in the rubber industry. Only the following characterization of the 
samples has been provided: There are two types of sample series B and P. The curing 
temperature for the B series was 140° C and for the P series it was 180° C, the curing time for 
the P was for 1 to 6 minutes. Sample B is a sulfur cured natural rubber. In the B sample series, 
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there were 6 samples numbered 1 to 6 (B0 to B5).  With increasing numbers, the 
vulcanization time was increased. Sample P was an EPDM rubber. In this sample series a 
peroxide cure system was used. In P sample series, there were 4 samples numbered  P1 to P4. 
The numbers are expected to correlate with the cross-link density. 
 
3.3.2  Experimental: Relaxometry and NMR-Imaging  
 
The aim of the experimental work was : 
• Selection of appropriate experimental parameters for both sample series. 
• To calculate the relaxation time for each sample. 
• To distinguish the samples on the basis of the evaluated parameters, A, b and T2 obtained 
from the stretched exponential fit. 
• To check the variation of inhomogeneity throughout the same sample by the NMR-
MOUSE. 
• To check the reproducibility of the results for a particular measurement point. 
• To find out the inhomogeneity throughout the sample by NMR imaging. 
These objectives were achieved successfully for the B sample series and the results are 
reported below. Similar experiments were conducted for the P sample series but without 
obtaining good correlations. 
Experimental parameters 
Both series of samples were investigated with CPMG experiments. The central part of each 
sample was kept over the NMR-MOUSE. The measurement parameters [Appendix] selected 
were different because of differences in the transverse relaxation times T2 of both series. With 
the B samples the experiment were carried on a Minispec (Bruker) 1479. Due to disturbances 
observed in the case of the P sample series in tuning and matching (for keeping NMR-
MOUSE on resonance), the spectrometer was changed to the Minispec 1488. The reason for 
the disturbances could be either excessive filler contents or some other strategic modification 
made during the P sample series synthesis.  
The recycle delay was kept high (2 seconds) in order to avoid the heating effects 
caused in the coil due to large number of echoes and high number of scans.  Although this 
results in a long experimental time it reduces the temperature variation of the T2 values. The 
number of echoes  chosen on the basis of the magnetization decay observed in the CPMG test 
experiments. Generally, decaying magnetization envelopes should be extended over a long 
time range to obtain complete exponential decays. An increase in the value of the T2 
relaxation time with decreasing echo time (spin-lock effect) suggested the use of lower echo 
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times such as 50 µs in the CPMG pulse sequence. At lower echo time a good contrast can be 
obtained in the T2eff values. The phase of the receiver was adjsuted experimentally to keep the 
imaginary part of the FID close to zero. Experimentally, it is found that the flip-angle 
distribution depends strongly on the measurement depth, i.e., the carrier frequency. The 
maximum signal was observed at a pulse length 2.6 µs from within the 1 mm of the sample 
volume near the surface of the figure-8  surface coil at 22 MHz . 
The slight variation of the surrounding temperature caused a little variation in the 
relaxation times. For that reason the temperature of the system was maintained constant (20° 
C) throughout the experiment with the help of cryostat and a thermostat containing NMR-
MOUSE with the sample, in order to obtain the reproducible results as shown in Fig. 3.3.1. 
 
 
 
B2 
Fig. 3.3.1: The experimental set-up for the multi-echo CPMG experiments. Left: complete set-up, 
Right: sample B2 on the surface of a U-shaped NMR-MOUSE with a figure-8 coil. One can see the 
different points on the sample surface where the measurements were carried out. 
Thermostat
Minispec
CryostatExponential decay
 BIRN                     6122
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The inhomogeneity throughout the sample was assessed by carrying out the same 
CPMG experiment at different sampling points in the sample B2 . For achieving the objective 
nine different positions were marked and positioned one after the another over the sensitive 
volume of the NMR-MOUSE. The sample was covered with a single glass slide to maintain 
the same sample volume within the sensitive volume of the figure-8 coil.  
 
 
 
 
Experimental Data Analysis 
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The magnetization decay is modeled either by a biexponential echo envelope decay (eqn. 
3.2.1b) or stretched exponential echo envelope decay (eqn. 3.3.1) fits. The biexponential 
function is given by following equation: 
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where A and B are the amplitudes and T2,short and T2,long  represents the short and long 
components of the transverse relaxation time. The stretched exponential fit is given by 
following equation: 
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where A is the amplitude of the decay function and is proportional to the number of protons in 
the sensitive volume, T2eff  is a measure of the overall molecular mobility and cross-link 
density of the sample, and b is the stretched exponent. 
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Fig. 3.3.2: CPMG echo decay curve were modeled with stretched exponential fitting equation (eqn. 
3.3.1). Parameter A, b and T2  take an important role in sample differentiation. 
 
Although both the models satisfactorily describe the magnetization decay, the 
stretched exponential fit generally gives less error in the regression analysis than the bi-
exponential fit because there are only four and not five fit parameters. The experimental 
observables A, b, and T2 are characteristic of the elastomeric sample. A comparative study of 
Chapter 3                                 Investigations of Elastomeric Materials 131 
 
these values helps in distinguishing the elastomeric products obtained under different 
processing conditions. 
    Similarly NMR Imaging experiments have been performed with the sample B2 on 
the Bruker DSX-200 spectrometer at room temperature. Details about the observations are 
reported in the  results and discussion section.  
 
3.3.3 Results and Discussion 
Transverse relaxation of B Sample Series 
The experimental decay curves obtained from the CPMG multi-echo experiments were 
subjected to a non-linear least squares fit (NSLF) with the stretched exponential function 
(eqn. 3.3.1).  
From Fig. 3.3.3, it is quite clear that the relaxation time, T2 decreases with the sample 
number suggesting an increase in cross-link density. It confirms the experimental fact that 
with increasing numbers of the B series samples, the vulcanization time was increased which 
leads to an increase in cross-link density across the sample series and hence the decrease in T2 
values.  Ascending and descending trends have also been found for the parameters A and b 
respectively with the sample number, respectively (Fig. 3.3.3).  
 
Sample B2 
The sample B2 was selected for multiple experiments on not only a single sampling point but 
also on multiple sampling points. This section, hence, can be divided into two subsections: 
(i) The single-point measurements: In this set of measurements, the central point of the sample 
was subjected to CPMG echo experiments with the NMR-MOUSE. A set of around 25 
experiments was done and the last 23 experiments were taken for investigating the variation 
in the results. The data is given in the Table 3.3.4 (Appendix). 
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Fig. 3.3.3: Plot of fit parameters A, b and T2 and accuracies from a NSLF analysis of the B sample 
series data with a stretched exponential fit. A descending trend in the transverse relaxation time, T2 
values describes the increase in the cross-link densities with ascending sample number. 
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Fig. 3.3.4: Distribution of the fitting parameters A, b and  T2eff obtained from CPMG echo decay  
experiments carried on a single point of the sample B2. 
 
The distribution of the fitting paramters A, b and T2 obtained from such measurements  
are approximated by a Gaussian distribution (Fig. 3.3.4). These curves are later compared 
with the distribution from the multiple-point measurements to compare the inhomogeneities at 
a single point with the inhomogeneities at multiple-points. 
 
(ii) The multiple sampling point measurements: These experiments have been done to 
investigate the inhomgeneities in surface near volume elements throughout the sample. The 
idea was to see the differences in the distribution of the fit parameters A, b and T2eff ,obtained 
from the  repetitive single-point measurements and from the multiple-points measurements. In 
this case a set of three CPMG experiments were performed for each 9 sampling points on the 
sample number B2 and the fit parameters from each point were subsequently averaged. 
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Fig. 3.3.5: Distribution of fit parameters A, b and T2eff obtained from multiple-point measurements 
from sample B2.   
 
 The data obtained from such measurements  is given in the Table 3.3.5 and Fig. 3.3.5.  
The comparison of the distribution curves obtained from both kinds of measurements (same 
point and sampling points at different positions) is shown in Fig. 3.3.6. One can clearly see 
that the distribution from measurements at different spots are much wider than those single-
point measurements. The samples are thus quite inhomogeneous. Such kind of observations 
have also been found in  NMR imaging experiments [Blü2000]. 
In Fig. 3.3.6, the number of counts i.e. number of experimental repeats has been 
plotted versus the mean values of the fitting parameters A, b, and T2. For experiments done at 
the same position the distribution is very narrow for each parameter A, b, and T2. While for 
the experiments performed at different positions, the distribution in the parameters A, b, and 
T2 is quite high, specially for transverse relaxation time, T2, then for the amplitude A. The 
large distribution in transverse relaxation time, T2 for the measurements at different position 
suggests different amounts of cross-linking throughout the sample surface i.e. from one region 
of the size of the rf coil to another, covering the sensitive volume near all the 9 points. While 
for the measurements at the same position, a narrow distribution has been found, showing the 
reproducibility in the results.   
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Fig. 3.3.6: Distribution of fit parameters A, b and T2 obtained from single and multiple-point repetitive 
measurements on sample B2.   
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Transverse relaxation time of P Sample Series 
Similar experiments were conducted with samples of the P series. This section can be 
subdivided into two section: P sample measurements and single point measurements with 
sample P3. 
(i) P series measurements: Due to high inhomogenties in the samples, the tuning and 
matching of the NMR-MOUSE was quite difficult.  Keeping this in mind  this series of 
samples was measured with another Bruker Spectrometer (Domain 1479). The fit parameters 
from this series of samples are given in Table 3.3.6 (Appendix). 
Due to the high degree of inhomogeneity in the samples it is rather difficult to 
distinguish the P samples with these fitting parameters. However, from the Fig. 3.3.7,  based 
on relaxation time T2, one can still ascertain less cross-link density to samples P2 and P4 and 
higher cross-link densities to P1 and P3, hence distinguishing the samples individually.  The 
further remarks concerning cross-link densities of these samples can be made on the same 
basis.   
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Fig. 3.3.7: Plot of fit parameters A, b and T2 and accuracies from a NSLF analysis of the P sample 
series data with a stretched exponential fit.  
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(ii) PHME 6113 single point measurements on sample P3 : To check the reproducibility of the 
results, the similar experiments were conducted for sample P3 as for the sample B2 by 
repeating measurements at the same point. Although multiple measurements have been 
conducted with each sample, the sample number P3 was subjected to more measurements. 
The results are reported in Table 3.3.7 (Appendix) and shown in Fig. 3.3.8.  
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Fig. 3.3.8:  Plot of fit parameter  T2 and accuracies from a NSLF analysis of the P3 sample data with a 
stretched exponential fit. 
 
 
The ranges in which the values of these parameters  lie is quite different from those of 
the other samples. This is due to the fact that both series refer to different polymer.  
 
Comparison of the B and the P Samples  
The samples series B and P have been produced from different polymers under different 
conditions not only with respect to temperature and filler contents used but also the duration 
of time for which they have been cross-linked. As mentioned before, the temperature plays a 
key role in generation of the cross-link densities. This cross link density factor is reflected by 
the transverse relaxation time T2. The higher the T2 value the lower the cross-link density, and 
hence one can expect the material  just by from the transverse relaxation measurements.  
The samples series B were cured at lower temperature (120° C) than those of the P 
series (180° C). The T2 value of the B sample series is four times than the P samples 
confirming different polymer. The  influence of cross-link density is lower [Blü2003a]. From 
these  results  one  can  conclude  that  B samples are softer than the P samples. The results  
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are reproducible and quantitative following calibration. The measurements are non-
destructive and inexpensive when done with the NMR-MOUSE.     
 
NMR Imaging Experiments  
NMR imaging is a nondestructive analytical technique, which is capable of producing images 
of arbitrarily oriented slices through optically nontransparent objects. Biological materials as 
well as many of the synthetic materials can be penetrated by radio frequency waves.  The 
NMR imaging can also be defined as a method for non-invasive chemical and physical 
characterization of local regions in the interior of intact samples [Blü1998b, Blü1999b, 
Blü1999c, Dem2000a, Dem2000b]. It has potentially all the advantages and disadvantages of 
NMR spectroscopy. From the view point of resolution, the technique can be viewed as 
microscopy [Blü2000], although it is more properly considered to be tomography. NMRI has 
the unique ability to characterize inhomogeneous objects from physical macroscopic 
(defects), physical microscopic (molecular motion), and chemical details. The sample 
inhomogeneities can arise in different stages of elastomer production and product use. Even in 
perfectly prepared homogeneous elastomeric products, unavoidable aging processes induce 
space-dependent defects which can be characterized with the help of NMR imaging.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                              (a)                                                          (b)
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Fig. 3.3.9: Spin density and susceptibility contrast in industrial rubber sample (B1)  (a) 2D projection 
acquired by single-point imaging. (b) 2D projection acquired by gradient-echo imaging.  
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To deal with such sample defects, standard imaging  sequences like single-point 
imaging (SPI) and  gradient echo imaging were applied for the sample B1. Experiments were 
conducted with DSX 200 spectrometer at a Larmor frequency of 200 MHz. The susceptibility 
effects from inhomogeneous filler distributions are enhanced by gradient echo techniques. 
From Fig. 3.3.9 (b) one can clearly see the distribution of inhomogeneities throughout the 
sample.  
The spots that become visible in the NMR image can be agglomerates of zinc oxide, 
which is part of the formulation for improving the vulcanization process [Blü2003a]. Similar 
features are observed in most technical rubber products. Similar results with NMR-MOUSE 
have been obtained where a wide distribution of the experimental parameters A, b and T2 has 
been found for repetitive multiple point measurements compared to the repetitive single point 
measurements.  
 
3.4 Conclusions   
The conclusions can be subdivided into two sections where the first deals with experiments 
carried out on cable shells provided by Wacker Chemie and IFHT and the second which deals 
with industrial rubber samples. 
(a) Cable shells: The NMR investigations were made at the same samples, for which 
ultrasound measurements were also accomplished. A goal of the NMR work was :  
1) Characterisation of the quality of the shells and test samples by NMR imaging with regard 
to homogeneity and defects.  
2) Technical and methodical progress in using the NMR-MOUSE for in situ investigations.  
3) Systematic investigations of cable shells from industry and test samples. 
The NMR investigations of the cable shells have shown that NMR is in principle 
suitable, to characterize the quality and the condition of the silicone material. This applies to 
the manufacturing quality, whereby different kinds of inhomogeneities, i.e.  soft places (Fig. 
3.2.3) and filler agglomerates (Fig. 3.2.15)  were found. The inner and outer of the cable sets 
could be clearly differentiated on the basis the NMR relaxation behavior with NMR imaging 
(point 1).  
 A mobile NMR sensor is provided by NMR-MOUSE, with which the NMR relaxation 
times in different depths of the cable set can be measured inexpensively. It could be shown 
that both the slow Hahn-echo method and the faster multi-echo method  (CPMG) can detect 
differences in the sample quality from stretching and ageing.  Thus mobile NMR is in 
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principle able to determine the condition of electrical cable shells. Here the measuring 
accuracy is higher in the surface near regions (3 mm of depth) of the cable shells set than 
inside (7.5 mm of depth). For measurements of the outer regions, a simple variant of the U-
shaped NMR-MOUSE, the bar-magnet NMR-MOUSE is available, consisting of only one 
magnet and a suitable geometrically complex coil, (point 2).  
 The current investigations of the cross-linking density of laboratory test samples were 
so far little successful when finding correlations between expected characteristics and NMR 
parameters (point 3). As is the case for the characterization of the rubber samples, over 
several individual measurements need to be performed at single as well as multiple sampling 
points and averages of fit parameters calculated which can describe the cross-linking degree 
and the homogeneity together with its variance (point 3). One can identify electrical treeing 
structures by NMR imaging. Standard techniques are, however, too low in contrast, so that 
special procedures must be used such as multiple-quantum NMR. They can be transferred to 
the NMR-MOUSE for evaluation of industrial samples.  
 
(b) The experiments carried on technical rubber samples:  
(i) The strategy behind the experiments was to analyze industrial elastomeric materials 
with the mobile NMR-MOUSE and to find out the degree of precision with which the 
experimental distinction between the samples can be made. NMR imaging of the samples was 
also done to certify the facts found by the NMR-MOUSE measurements. 
(ii) The parameter, transverse relaxation time T2eff, obtained from the CPMG decay curve 
by modeling it with stretched exponential function reveals the status in which the various 
chains in the elastomer are inter-linked. The higher the cross-link density, the higher will be 
the hardness of the samples and less will be the T2eff value.  
(iii) The cross-link density or the hardness increases with sample number in B sample 
series as T2eff decreases across the whole series. The opposite trend is found in the case of P 
sample series  except the sample number P3.  
(iv) The multiple experiments at single and multiple points in the sample number B2 
describes the statistical  nature of the distribution of parameters A, b and T2eff. Such 
distributions are quite wide for the multiple point measurements compared to those for the 
single-point repetitive measurements. This fact suggests the presence of inhomogeneties  
throughout the sample. This fact has also been observed in the imaging experiment conducted 
on one of the samples in B series.  
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Hence, with NMR-MOUSE : 
•      sample defects can be detected nondestructively by multi-echo CPMG measurements.  
•      the results are consistent with NMR imaging experiments.  
•      the NMR mobile sensor is suitable for on-line monitoring and it is inexpensive. 
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4 NMR of Porous Building Materials 
4.1 Historical Building Materials 
 
The identity of Europe and the other states derives from its cultural past. Therefore, countries 
strive to preserve their cultural heritage. Witnesses of the past are buildings, religious 
monuments, paintings, books, etc. European culture is closely associated with the 
Mediterranean referring to temples, churches, frescos, paintings and scriptures. The porous 
materials used in such historical buildings are deteriorated by several weathering factors. 
Under wet condition the material becomes susceptible to freezing damage and can be 
responsible for the development of algae and fungi. Moisture can also transport the ions 
which may result in crystallization at the surface, causing surface damage.   
  
Mycenion  Acropolis of Tiryns: 1300 bC
 
 
 
 
 
  
Fig. 4.1.1: Transverse relaxation signals of
water in historical concrete samples  at 19
MHz measured with the NMR-MOUSE. The
two samples can be clearly distinguished. 
F
o
M
d
o
dig. 4.1.2: CPMG experiments carried
ut on porous building materials at 15.1
Hz with the NMR-MOUSE. The
ifferent multiexponential decay curves
btained for these samples indicate the
iversity in the pore size distribution. 
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To assess the state of degradation, non-invasive methods of measurement are in 
demand, which produce data characteristic of material properties. NMR relaxation times 
provide such data, which can be readily be measured non-invasively by the NMR-MOUSE.  
Analysis of relaxation curves from fluids is of particular interest for the characterization of 
pores in rocks [Dav1990, For1995, Kle1994] and other porous materials such as packs of 
beads or grains, ceramics, zeolites, foods, colloids, emulsions, gels, and suspensions is of 
interest to the retrieval of chemical and physical information [Lab1994].  Because 
longitudinal and transverse relaxation rates can be significantly increased in the vicinity of 
solid-liquid interfaces, the relaxation behaviour  of 1H and the other nuclei of fluids confined 
in porous media can provide important information about porosity and pore connectivity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1.3: S
(2). Sample 
city wall (3)
Wit
non-destruc
even the co
water relaxamples studied and their origins. The sandstone samples are from Sander (1) and Mergel 
2 is from the front part of the city hall in Aachen. The brick samples are from the Aurelian 
, from colle oppio (4, 5, 6), and contemporary terra cotta (7). 
hin the European EUREKA program the use of the NMR-MOUSE is explored for 
tive characterization of objects of cultural heritage. Fig. 4.1.2 demonstrates, that 
ncrete samples with paramagnetic impurities can be investigated by measuring the 
ation signal of the wet concrete. 
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Nowadays a special chemical industry is required to provide chemical products 
suitable for the protection and the restoration of aging historical structures as well as for the 
efficient damage prevention of buildings of both architectural and civil engineering design. 
Buildings of  economical, cultural and esthetical value are subject to ongoing decay by the 
action of water, weather and aggressive components in our environment. There are several 
industries which provide products for building protection. The products are generally called 
stone strengtheners which reduce the porosity of the building material. Some of them are, 
Funcosil100, Funcosil300, Funcosil500, Tegovacon V100, etc. (mentioned in 4.3.1). In 
the coming sections an introduction to transverse relaxation time T2 distributions for all 
building materials is given besides some specific stone strengtheners and their method of 
application are reviewed.  
  
Porosity and Pore Size Distribution (PSD) 
Before treating porous materials with stone strengtheners some preliminary examinations are 
done like the determination of the characteristics of the building material followed by a 
treatment of the porous surface with special solvents or warm water or steam etc. 
Characteristics of the building material to be determined (building condition analysis) are: 
 *  Water absorption, porosity, pore volume, hygroscopic water absorption  
 *  Binder analysis, mineral content, pollutant content, strength profile, damaging salts 
 *  Depth of weathering 
 *  Determination of working procedures 
*  Setting up a larger trial area which is necessary to determine the correlation between   
     laboratory results and the amounts and values achieved on the record. 
*   The execution of treatment and the application rates are to be controlled. 
*   A thorough final acceptance of the work is recommended.  
        Among the above mentioned parameters, the porosity of the material takes a vital role 
in deciding upon the particular stone strengtheners and the method of application for 
preserving the building materials. Only thereafter the special measures are taken to restore the 
building material. That is why the microstructure of a porous system is an essential 
characteristic of the material that largely determines not only its mechanical properties but 
also its transport properties and durability performance. There are a variety of methods 
available for the exploration of porous media, including gas adsorption, mercury porosimetry, 
neutron scattering, imbibation, differential scanning calorimetry (DSC) thermoporometry and 
NMR methods. These traditional methods for measuring PSD, such as nitrogen sorption 
Chapter 4                                     NMR of Porous Building Materials 145 
isotherms and mercury intrusion porosimetry suffer from major disadvantages mainly 
concerned with the preliminary drying of the sample. 
  
4.2 NMR Relaxometry and Pore Size Distribution 
4.2.1 Pore size and relaxation time constants 
The CPMG sequence has been extremely useful for efficient measurements of the NMR 
signal in inhomogeneous magnetic field as those encounterred when the samples are outside 
the magnet and RF coil as found in unilateral NMR with the NMR MOUSE. NMR 
relaxation experiments of fluids in porous media have been stimulated by the oil industries for 
studying reservoir rock. The apparent relaxation time distribution is influenced in many ways 
by the surface relaxation, translational diffusion of the fluid molecules, and internal gradient 
fields. For small pores and fluids of low viscosity the relaxation times T1 and T2 are 
approximately proportional to the pore diameter. The shape of the CPMG-echo-train decay 
can be fitted very well by a sum of decaying exponentials, each with a different decay 
constant. The set of all the decay constants forms the decay spectrum or transverse-relaxation-
time (T2) distribution. Consecutively the pore size distribution is obtained by regularized 
inverse La Place transformation of the relaxation curve. This is the standard approach in NMR  
well logging or the bore hole analysis [Coa1999], where the transverse relaxation decays 
acquired by CPMG-type multi-echo methods are routinely evaluated. These NMR logging 
tools can provide three types of information: 
 *   information about the quantities of the fluids in the rock  
 *   information about the properties of these fluids 
 *   information about the sizes of the pores that contain these fluids. 
For fluids in rock pores, three independent relaxation mechanisms are involved : 
• the bulk fluid process, which affects both T1 and T2 relaxation 
• surface relaxation, which affects both T1 and T2 relaxation  
• diffusion in the presence of magnetic field gradients, which only affects T2 
relaxation  
The T1 and T2 relaxation times of pore fluids are given by : 
 
diffusionsurfacebulk TTTT 2222
1111 ++=                                [4.2.1] 
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surfacebulk TTT 111
111 +=                             [4.2.2] 
 
where  T2       transverse relaxation time of the pore fluid as measured by a CPMG  ⇒
    sequence  
         T2bulk     T⇒ 2 relaxation time of the pore fluid as it would be measured in a big vessel   
                           or a container so large that the vessel surface would be negligible. 
 
    T2surface       T⇒ 2 relaxation time of the pore fluid resulting from surface relaxation  
    T2diffusion     T⇒ 2 relaxation time of the pore fluid as induced by diffusion in the magnetic  
     field gradient. 
 
            T1  ⇒      the measured longitudinal relaxation time of the pore fluid  
         
          T1bulk    T⇒ 1 relaxation time of the pore fluid as it would be measured in a big vessel   
                            or a container so large that the vessel surface would be negligible. 
    T1surface        T⇒ 1 relaxation time of the pore fluid resulting from surface relaxation 
 
    When a significant gradient exists in the quasi static magnetic field, molecular diffusion 
causes additional dephasing and, therefore, decreases the relaxation time T2 or increases the 
collective relaxation rate. This dephasing is caused by molecules moving into regions in 
which magnetic field strength is different, and thus in which the precession rate is different. 
Diffusion has no effect on the T1 relaxation. The molecular movement in wetting fluids is 
often restricted at the interface between rock grains and fluids or by the interfacial tension 
between fluids. Diffusion effects become unimportant at short echo times. The echo time in 
the CPMG sequence is a parameter which is selected. In our experiments it has been kept as 
low as 60 µs. The equation mentioned above can be written as: 
 
( )
diffusionporebulk T
ETGD
V
S
TT 2
2
2
22
11 γρ +

+=              [4.2.3] 
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porebulk V
S
TT


+= 1
11
11 ρ                [4.2.4] 
 
 When a short echo time is used, the surface relaxation process becomes dominant and 
the diffusion term in eqn. 4.2.3 can be rejected (not valid for NMR-MOUSE). Under this 
condition, T2 is directly proportional to pore size. When all pores are assumed to have the 
similar geometric shape, the largest pore have the lowest S/V and thus the longest T2. Medium 
sized pores have smaller S/V, resulting in shorter T2 values. The smallest pores have the 
highest S/V and the shortest T2 values. One can say, a 100 % water saturated pore has a single 
T2 value that depends on pore size, and thus its  spin-echo train exhibits a single-exponential 
decay that also depends on pore size. Multiple pores at 100 % water saturation have multiple 
T2 values that depend on pore sizes, and hence their composite spin-echo train exhibits multi-
exponential decay that also depends on the pore sizes. 
Hence, the equation  
       ( ) ( ) iTti eMtM 20 −Σ=     ,                                               [4.2.5] 
 
where , M (t) is the measured magnetization at time t, Mi (0) is the initial magnetization from 
the ith component of transverse relaxation, becomes for a single pore 
                    ( ) tVSeMtM −= 20 ρ ,                                                  [4.2.6] 
 
where M0 is proportional to the volume of fluid in the pore. The associated signal amplitude is 
the sum of the signal amplitudes arising from the fluid in individual pores and the signal 
amplitude is given by 
 
                    ( ) tV
S
i
i
ieMtM


−Σ= 20 ρ  ,                                             [4.2.7] 
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 where (S/V)i is the surface-to-volume ratio of the ith pore. Therefore, 
 
      ( ) iMM 00 Σ=                                                                [4.2.8] 
 
 If M100%, the measured magnetization for 100% bulk with the same sensitive volume, 
is known, then  M(0) and M0i can be calibrated to porosity : 
  
( )
( ) ( ) ( ) iii M
M
M
M
M
M φφ Σ=Σ=Σ==
000
0
%100
0
%100
0
%100
                        [4.2.9] 
 where φ  is the calibrated porosity of the formation and φi is the calibrated porosity 
associated with all pores of the ith pore size (also known as incremental porosity). Therefore, 
the T2 distribution (in the form of the amplitudes M0i associated with the time constants T2i ) is 
calibrated to the porosity distribution (the individual pores φi  with the associated time 
constants T2i).  
 
Comparison of the PSD with the MIP data 
In order to find the relevance of such CPMG measurements for finding distributions of pore 
sizes, it is recommended to compare the NMR results with the another method which can 
measure the pore size in the same range. One such method is mercury intrusion porosimetry 
(MIP). The information obtained from the mercury incremental injection curve is difficult to 
quantify exactly. Although, this method measures only the pore throat size distribution but not 
actually the surface to volume ratio, it is essentially pore throat sizes weighted by the pore 
volumes to which the pore throat control access. When a shift is applied to account for the 
factors such as surface relaxivity, the T2 distribution shows a remarkable correlation with the 
pore throat size distribution.  
 
4.2.2 Experimental 
The experiments have been carried out with three different NMR-MOUSE sensors with 
different characteristics. Measurements were also carried out in homogeneous fields of a 
commercial low-field NMR spectrometer at 40 MHz (Fig. 4.2.1). Two of them have U-shaped 
geometry using two anti-parallel permanent magnets mounted on an iron yoke. One of the 
MOUSE sensors has a solenoidal RF coil where other two have planer coils. The NMR -
MOUSEs are: 
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(a)  Figure-8 NMR MOUSE: Portable 2.5 kg palm-size probe (Fig. 4.2.1) built from 
magnets of size 4.5 x 4 x 4 cm3 with a gap of 1.4 cm defining a Larmor frequency of 22 MHz 
at the surface and equipped with a figure-8 RF coil [Anf2001]. For this small NMR-MOUSE 
sensor a depth of the sensitive volume from 0 to 4 mm can be selected with frequencies from 
22 MHz to 19 MHz. The gradient strength near the magnet surface varies with an average 
field gradient of <G> = 20 T/m. The profiles of the B0 and B1 fields define a curved sensitive 
volume with ill-defined depth resolution [Anf2001a]. While working on the surface, the 
maximum echo signal was obtained for 3 µs rf pulses at 60 W power for the nominal 90° 
pulse. Although, the thickness of the sensitive volume defined by this pulse length is found to 
be very thin, signal from the surface to 1.5 mm depth is obtained due to the curved sensitive 
volume. The echo time used in the multi-echo CPMG pulse sequence with this NMR-
MOUSE was 60 µs. 
 
(b) 36 Kg NMR MOUSE: This NMR-MOUSE is large with a gap of 10 cm (Fig. 4.2.1). 
A squared, 4 cm x 4 cm, RF coil have been used for this MOUSE. This provides a penetration 
depth from 0 to 20 mm. By variation of the resonance frequency, the depth of the sensitive 
volume can be selected. The particular configuration of the 36 kg NMR-MOUSE sensor were 
selected in order to obtain a constant gradient along the depth direction and at the same time a 
flat sensitive volume suitable for slice selection. The surface Larmor frequency of this NMR 
MOUSE is 10.55 MHz in a field gradient of <G> equal to 1.26 T/m. By tuning the probe at 
10.55 MHz, a large sensitive volume from 0 to 2 mm into the sample and 4 x 4 cm2 in-plane 
area can be detected, no depth selection was achieved because of the shape of the sensitive 
volume when working at the surface of the magnets. This frequency was used in initial 
measurements where good signal-to-noise data was needed and no slice selection was 
necessary.  
At a distance of 25 mm from the magnet surface, a region with good gradient uniformity 
is reached with a static gradient of 2 T/m and a rather flat sensitive volume. To measure at this 
region the coil was kept at 17 mm from the surface of the magnet. It was tuned to 9 MHz, 
which is the Larmor frequency at 25 mm (17mm + 8 mm) from the magnet. For experiments 
performed at this frequency rf pulses of 10 µs length were applied defining a slice thickness 
of 1mm. The echo time used in the multi-echo CPMG pulse sequence with this NMR 
MOUSE was 100 µs. 
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                (a)                                   (b)                                    (c) 
 
 
Fig. 4.2.1: Instruments used for analysis of porous building materials. (a) Left: 2.5 kg NMR-MOUSE 
with a figure-8 coil, <G> = 20 T/m, and ν0 = 22 MHz near the surface. (b) Middle: 36 kg NMR-
MOUSE with G = 1.26 T/m, ν0= 10.55 MHz at the surface, and with G = 2 T/m and ν0= 9 MHz at a 
distance of 25 mm away from the magnet pole faces. (c) Right: low-field NMR spectrometer with 
homogeneous magnetic fields and ν0 = 40 MHz (Bruker Minispec). 
 
 (c) Solenoidal NMR-MOUSE: This is an old NMR-MOUSE sensors [Eid1996] where 
instead of planer coil between the magnets, a solenoidal coil is used (cf. Fig. 4.1.2, top). 
Details are given in chapter 2. 
(d) NMR Spectrometer at 40 MHz (Bruker Minispec.) 
Here the magnetic field was homogeneous. In all measurements the echo time used was 100 
µs. The pulse length used was 13 µs.  
The magnetization decay curves obtained with the multi-echo CPMG pulse sequence 
were inverted with the UPEN algorithm [Bor1998, Bor2000, Bor2001]. The relaxation time 
T2 distributions were then compared with the MIP pore-size distribution obtained with a 
Micromeritics AutoPore III porosimeter.  
 
4.2.3 Results and discussions for historical building materials 
 
Comparison of MIP  and T2 distributions for Pietra di Noto  
The natural stone pietra di noto  was first, investigated because the pores were bigger 
compared to other samples and it had essentially no paramagnetic impurities. The Larmor 
frequencies for the figure-8 NMR-MOUSE was 21 MHz. For 36 kg NMR-MOUSE it was 
10.55 MHz . For bruker minispec it was 40 MHz (homogeneous field). The MIP (mercury 
intrusion porosimetry) data overlaps  well with the T2 relaxation time distribution (or T2 
distribution) for a Larmor frequency of 21 MHz and quiet well with the data measured with 
the 36 kg NMR-MOUSE with Larmor frequency 10.55 MHz near surface. 
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Fig. 4.2.2: Comparison of the relaxation time T2 distribution with the pore size distribution obtained 
with mercury intrusion porosimetry for the natural stone “pietra di noto” from Italy. The experiments 
were carried out at different Larmor frequencies. Shifting of the T2 distributions has been done to 
match the 40 MHz data. 
 
     This similarity corroborates the assumption that pietra di noto has very low ferromagnetic 
constituents and that the CPMG decay is governed by fast-diffusion in each pore so that the 
relaxation is dependent on the surface to volume ratio. In Fig. 4.2.2 the peak extension 
towards the left is for smaller pores and towards the right is for bigger pores.   
  
Drying studies carried out on Pietra di Noto 
The multi-echo CPMG experiments were performed on water saturated pietra di noto with the 
old NMR-MOUSE which has a sensitive volume located between up to 3 mm from the 
surface of the magnet, corresponding to 15.5 MHz, with an echo time of  80 µs and pulse 
length, 5.2 µs at 2 mm depth. The UPEN inversion of the CPMG relaxation curves produced a 
bimodal distribution of relaxation times. The peak at large relaxation times is attributed to the 
large pores and the other at short relaxation times to the smaller pores. It was found that 
during the drying or evaporation process the water is first lost from the peak of long T2 values, 
represented by a reduction in the peak area and a shift of the center of gravity of the signal at 
large relaxation times towards the smaller relaxation times.  
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Fig. 4.2.3: Bimodal pore-size distributions from a drying study of a pietra di noto, a natural stone 
sample. The large pores dry first and their peak maximum shifts towards smaller pores with increasing 
drying time.  
 
The peak at short T2 values it remains more or less unaffected by the drying process. 
This means that water is lost from bigger pores first and on a molecular time scale from the 
bigger pores in agreement with literature data from measurements in homogeneous field 
[Val2001]. then from the smaller pores, being a slow process as water can drain from bigger 
pores to smaller pores [Blü2003].  Some other kind of experiments other than drying 
processes have also been performed, i.e. rotation of water saturated rocks where first bigger 
pores loose the water appeared in reduction of T2,long  peak and later from the smaller pores but 
slowly. 
 
Contemporary terra cotta brick at different Larmor frequencies 
Similar CPMG experiments were conducted with a recent terra cotta brick. A pore size scale 
was calibrated to match the relaxation time distribution of terra cotta for the 36 kg NMR -
MOUSE, where best agreement was observed for the shapes of the distributions functions 
from NMR and MIP data (Fig. 4.2.4).  
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Fig. 4.2.4: Relaxation and pore-size distributions of terra cotta. The MIP data were scaled in amplitude 
and width, and shifted to match the NMR data acquired at 10.55 MHz with the 36 kg NMR-MOUSE 
(G = 1.26 T/m). The NMR data acquired at 21 MHz with the 2.5 kg NMR-MOUSE (<G> = 20 T/m) 
and 40 MHz and 0 - 4 mm (G = 0) were just shifted to match the data at 10.55 MHz. 
 
 
Historical bricks from different countries 
 Three historical brick samples from different origin were subjected to the CPMG 
experiments. A clear difference was observed in the transverse relaxation time measurements.  
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Fig. 4.2.5: The CPMG experiments carried out on historical brick samples (figure-8 NMR-MOUSE 
and tE = 80 µs. (a) from Acropolis of Tiryns (b) medieval brick from city wall of Eichstätt  (c) recent 
terra cotta. 
 
The experiments mentioned above  were carried out in the laboratory. These samples 
were unaffected as water evaporates and also the NMR-MOUSE does not  destroy the sample. 
These experiments served as motivations for the further measurements on old historical 
building materials from ancient Rome. Historical bricks and a fresco at Colle Oppio across 
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from Collosseum were measured (Fig. 4.2.6). The fresco in a cryptoporticos across from 
collosseum was recently found in wet conditions. The NMR-MOUSE of Fig. 4.1.2, top was 
used. It is similar to one on the left  one in Fig. 4.2.1 but with a solenoidal coil. It was 
positioned at a distance of  1 mm from the fresco surface and CPMG decay was measured. 
Similarly the decays in a brick next to the fresco were measured with a similar NMR-MOUSE 
but equipped with a figure-8 coil.  
The associated distributions of relaxation times show two regions, one for short T2 
corresponding to small pores and one for large T2 corresponding to larger pores. In the fresco, 
signal is observed in both large and small pores (Fig. 4.2.6). In the brick near the fresco there 
appears to be less water in the large pores. In the brick of the other wall, no signal is detected 
in the large pores and that brick appears to be dryer. These results show, that the NMR-
MOUSE can be employed for nondestructive analysis of wet porous materials, but it is not 
clear in how far the large field gradient of the NMR-MOUSE affects the apparent relaxation 
time distribution due to diffusive signal loss, and what the influence of magnetic impurities is, 
in particular on the results from the brick samples. 
 
 
 
Fig. 4.2.6: Cryptoporticos with fresco at Colle Oppio across from Collosseum in Rome and relaxation 
time distributions obtained by UPEN inversion of CPMG relaxation curves measured for the water 
molecules within the wet fresco, a brick near the fresco, and a brick in an adjacent wall. The echo 
times were 80 µs for the measurement of the fresco and 60 µs for the measurements of the bricks. 
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Fig. 4.2.7: Relaxation time distributions of brick samples 3 to 6 in comparison with the MIP porosity 
scale of terra cotta (Fig. 4.2.4). Depending on the magnetic contamination of the brick samples, the 
relaxation curves are shifted with respect to each other. Top left: brick from the Aurelian city wall. 
Top right: ferromagnetic brick from Colle Oppio. Bottom left: red brick from Colle Oppio. Bottom 
right: white brick from Colle Oppio. The numbers in the figures refer to the brick samples in Fig. 
4.1.3. 
 
Each brick sample 3 to 7 of Figure 4.1.3 was investigated by measuring CPMG relaxation 
decays in magnitude mode and inverting them by UPEN for the distributions of relaxation 
times. As mentioned above, a pore size scale was calibrated to match the T2 distribution of 
terra cotta for the 36 kg NMR-MOUSE where better agreements has been found between 
NMR and MIP distributions. The resultant relaxation time distributions of the brick samples 3  
to 6 are plotted in Fig. 4.2.7 together with a pore size scale distribution function. 
Considering the brick sample 3 from the Aurelian city wall (Fig. 4.2.7, top left), the 
shapes of the relaxation time distributions measured in inhomogeneous fields at 21 and 10.55 
MHz match the shape of the pore size distribution from MIP reasonably well but the shape of 
the relaxation time distribution measured in homogeneous field at 40 MHz shows 
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considerable disagreement. No agreement in shape is obtained for all NMR data of the red 
brick sample 4 from Colle Oppio (Fig. 4.2.7, top right). Much better agreement is observed 
for the red brick 5 and the white brick 6 from Colle Oppio (Fig. 4.2.7, bottom left and right), 
but a strong difference is observed for the relaxation time distribution of the white brick 6 
measured in homogeneous field.   
During sample investigation, it was found, that the brick sample number 4 of  Fig. 4.1.3 
was ferromagnetic. A noticeable force of attraction was felt between the sample and the 
magnet of the NMR-MOUSE, and the sample could be pulled across the table by a strong 
magnet. For this particular brick, all relaxation curves are strongly shifted towards shorter 
relaxation times (cf. Fig. 4.2.7, top right). 
Somewhat smaller effects were observed for the other red brick sample 5 from Colle 
Oppio (Fig. 4.2.7, bottom left). In all measurements good agreement in shape was observed 
for the NMR-MOUSE sensors with strong field gradients, and less agreement for the 
distributions obtained from the data measured in homogeneous field. Given that the same 
echo times were used for the measurements in homogeneous field and with the 36 kg NMR-
MOUSE (100 µs), the explanation cannot be sought in the efficiency of reducing the effect of 
coherence loss from diffusive displacement in internal and external gradient fields. Instead the 
distribution of ferromagnetic impurities is believed to play a vital role. A few large particles 
are less likely to be encountered in the thin sensitive volumes of a NMR-MOUSE with a 
strong gradient field than in the homogeneous field of a conventional low-field NMR 
spectrometer, where signal is collected from the entire sample. In fact, already few and small 
impurities are more likely to affect the relaxation time distribution of the entire sample in a 
reasonably homogeneous field, than that measured volume-selectively in an inhomogeneous 
field. Furthermore, surface effects like water draining from the sample and collecting at the 
bottom are readily avoided in measurements with the NMR-MOUSE. 
The assessment of the influence of the field inhomogeneity on the shape of the 
distributions of apparent relaxation times is given in Fig. 4.2.8 for all bricks and the different 
NMR-Sensors together with the MIP pore size distributions. With the exception of the 
strongly magnetic brick sample 4 from Colle Oppio, the order of the peaks in the relaxation 
time and pore size distributions is maintained for the distributions acquired with the 2.5 kg 
NMR-MOUSE having an average field gradient of 20 T/M, the 36 kg NMR-MOUSE with a 
gradient of 1.26 T/m, and the homogeneous field measurements at 40 MHz. Again it is 
noticed, that the shapes of the relaxation time distributions show better agreement with those 
of the MIP pore size distributions for the measurements conducted in inhomogeneous fields 
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by unilateral NMR devices than for those conducted in homogeneous field. Surprisingly very 
good agreement with the MIP shapes is obtained also for the small NMR-MOUSE with the 
strongest field gradient (compare top left with bottom right in Fig. 4.2.8). 
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Fig. 4.2.8: Comparison of relaxation time distributions acquired with different NMR-Sensors. Top left: 
small NMR-MOUSE at 21 MHz. Top right: large NMR-MOUSE at 10.55 MHz. Bottom left: 
Minispec, no depth selection. Bottom right: pore size distributions from mercuriy intrusion 
porosimetry. 
 
4.3   Chemically Treated Sandstones 
To assess the importance of the distributions of transverse relaxation times T2 with respect to 
the pore size distributions, sandstone samples were studied with and without modification of 
the pore size distribution by SiO2 (silica) deposits used in stone conservation treatments. The 
samples were Sander sandstones partially treated with Funcosil and Tegovacon stone 
strengtheners as  well as Mergelstone samples from the city hall of Aachen.  
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For stone treatment orthosilicic tetra ethylester had been applied which reacts with 
water to form ethyl alcohol and unstable orthosilicic acid according to  
Si(OR)4 + 4 H2O → Si(OH)4 + ROH.  
The alcohol formed in this process evaporates. With the separation of water from the silicic 
acid, amorphous SiO2 gel is formed,  
Si(OH)4 → SiO2 aq + 2 H2O.  
This is the final strengthening product which accumulates in the pore space and at the grain 
interfaces. Theses observations are reflected in the transverse relaxation  time T2 distribution 
of the sandstone samples obtained by inversion of experimental CPMG curves. The main 
results are presented after an introduction to different stone strengtheners and methods of their 
application. 
 
4.3.1  Stone strengtheners  
Stone strengtheners are generally referred to as the chemical species which when applied with 
other complementary chemical compounds,  reduce the porosity of the porous building 
materials. Examples are Funcosil100, Funcosil300, Tegovacon V100. These are actually 
Silicic acid ethyl ester of different concentration.  The sandstone samples mentioned in the 
current research were treated in the Institute of Bauforschung.  
 
Funcosil Stone Strengthener 100  
Funcosil Stone Strengtheners 100 is distinguished by its reduced silicic acid ethyl ester 
content while having increased penetration depth (soft strengthening, for fine porous stone 
like Baumberger Sandstone). Funcosil Stone Strengthener 100 react with the water stored in 
the pore spaces or with humidity. During this process, a pure, mineral, amorphous, water-
based silicone dioxide is deposited in the form of a binder. This results in the confinement of 
the pore and hence reduced porosity.  
          This gel deposit depends on temperature, humidity and time. Under normal conditions 
(20° C and 50% relative humidity), binder deposit is concluded after 3 weeks. Funcosil Stone 
Strengthener 100 leads to the deposit of 100 g silica per litre. By applying greater amounts, 
the strength profile and other important property parameters are increased to their original 
level in the stone material.  
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 Before applying stone strengtheners, it is necessary to examine the stone material to be 
strengthened chemically and physically. The most important characteristic data of the material 
is : 
* Absorbency and absorption 
* Strength profile and damaging salts 
* Depth of weathering, application rate per m2 surface, penetration depth 
* Determination of working operations, and watching for changes in colour 
* Control of the execution of treatment and the application rate 
* Stone with swelling-capable clay minerals must be pre-treated   
   
Method of Application 
Characteristic data before and after applying Funcosil Stone Strengthener 100 is given in 
Table 4.3.1 and 4.3.2. Objects that are to be restored often have a thick surface (crust) loaded 
with dirt. Surfaces should be cleaned carefully. For example, by spraying with cold or warm 
water, with an abrasive with cold and warm water, with an abrasive mist blasting technique, 
by steam cleaning or, in case of stubborn soiling, with alkutex facade cleaner paste. The 
treated surface should be protected from rain and in the sun for a week. If the surface is too 
warm, the product evaporates too quickly without having been able to penetrate sufficiently. 
The best temperatures for working range is between 10° C and 20° C. The work should not be 
carried out below 1° C. To avoid changes in colour as a result of over-saturation with 
Funcosil stone strengthener 100, the stone surface should be washed off with a dry solvent 
like spirit, acetone, or thinner immediately after the saturation has been achieved. 
 
 
              Table 4.3.1 Product characteristics of Funcosil before application to the sa- 
   ndstones. 
Characteristic 
data (before 
application) 
 
Funcosil 100 
 
Funcosil 300 
 
Tegovacon 100 
 
Silisic acid ethyl 
ester content : 
              
          20 % 
      (mass/mass) 
 
99 % 
(m/m) 
 
98.55 % 
(m/m) 
Solvent : 
 
Aliphatic 
hydrocarbons 
-- 
 
-- 
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Density at 200 C:  
Flash point : 
Colour : 
Catalyst System: 
Packaging : 
0.79 kg/l 
39° C 
Clear 
Neutral 
30 litre tin 
containers 
~ 1.0 
40° C 
light yellow 
Neutral 
5, 30 and 200 
litres 
1.06 g/cm3 
35° C 
Clear 
Neutral 
190 kg, 50 kg 
net steel drums 
    
 
     Funcosil Stone Strengthener 100 is applied to the building material in a flow coating 
procedure. Larger surfaces should be treated with spraying equipments, smaller surfaces with 
sprayers. For the removable objects like sculptures, tombstones, ornaments, etc, a dipping or 
compress procedure is more practical. The samples used in our study were prepared by this 
method. The one end of the cylindrical sandstone was allowed to dip inside the Strengtheners 
solution kept closed air-tight solution to avoid the reaction of strengthener with humidity. Due 
to the capillary action the Funcosil Stone Strengthener is adsorbed and it was kept until it was 
no longer absorbed. If necessary, a continuation of treatment can be carried out 2-3 weeks 
after the initial treatment.  
 
   Table 4.3.2  Product characteristic (stone strengtheners) after application 
   to the sandstones. 
Characteristic 
data  
Funcosil 100 Funcosil 300 Tegovacon 100 
 
Deposited SiO2: 
 
100 g/L 
 
300 g/L 
 
Min. 40 % 
Gel composition: amorphous   
SiO2 – aq 
amorphous   
SiO2 – aq 
amorphous 
SiO2 
By products : 
 
Toxicity : 
 
ethanol  
(evaporates) 
physiologically 
safe 
ethanol 
(evaporates) 
physiologically 
safe 
-- 
 
physiologically 
not safe 
(inflammable) 
    
 
The most important property parameters of Funcosil Stone Strengtheners 100 are : 
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• Moderate gel deposit rate which protects against over-strengthening and crust 
formation 
• Pure mineral binder, weathering stable 
• Optimal penetration depth 
• No essential impairment of water vapor permeability  
• High resistance to weathering and UV stable 
•  Inert towards acidic pollutants from the atmosphere 
• Partially strengthened natural stone can be worked over with  
Restoration Mortar 
• Neutral catalyst 
• Single-component system, easy to work. 
 
Funcosil Stone Strengthener 300 
Funcosil Stone Strengthener 300 differs from the usual stone strengtheners in that: 
* It is free of organic solvent additives 
* It has very good penetration capacity 
* and it has a higher flash point. 
It is especially suitable for strengthening fine to coarse porous, absorbent and friable natural 
stone. Quite similar to Funcosil 100, Funcosil Stone Strengthener 300 also reacts with water 
stored in the pore system or with the humidity. During this process, pure cementitious, 
amorphous silicone dioxide gel is deposited as a binder. This gel deposition is also a function 
of temperature, humidity and time. Under normal conditions (20° C / 50 %) relative humidity 
the deposit of binder is concluded after 3 weeks. 
 The method of application of Funcosil 300 is same as for Funcosil 100. The product 
characteristics before and after the application of Funcosil Stone Strengthener 300 are given 
in Table 4.3.1 and Table 4.3.2. The Funcosil Stone Strengthener 300 is suitable for 
strengthening fine to coarse porous, absorbent and cementitious building materials. This 
includes: 
*  Sandstone 
*  Weathered brick 
*  Terracota 
*  Historical renders and joints when preservation of the original substance is required. Here   
most important property parameters are presented : 
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• No organic solvent additives  
• One-component system – safe and simple to use 
 
Other properties are same as of Funcosil 100. 
TegovaconV Stone Strengthener 100 
TegovaconV100 is a solvent free one-component consolidant based on silica acid esters. 
Tegovacon V 100 is applied as delivered on dry substrate (sandstone) when temperatures are 
between 5-30 °C. Application is typically carried out by flooding until the substrate is 
saturated, i.e. no additional material is adsorbed within one minute.  In case a repeated 
treatment is necessary on strongly decayed substrates this should be carried out as a wet-in-
wet application maximum 4 hours after the first treatment. The same procedure is 
recommended as mentioned in the case of Funcosil Stone Strengthener 100. Tegovacon V 100 
can be used for consolidation of : 
• Decayed natural stones 
• Friable concrete 
• Morbid joints. 
 The most important property parameters are : 
*   Consolidation of the substrate up to original strength 
*   One-component system, ready to use 
*   High penetration 
 *   A non-tacky finish with a stain release effect 
*   normally no visible change of the surface and virtuality no reduction of vapour    
*     permeability 
*   easy to coat 
 
4.3.2  Experiments, results and discussions 
The amount of silica which accumulates in the pore space and at the grain interfaces depends 
on type and quantity of stone strengthener used. The effect of stone strengthener for the stone 
conservation has been investigated qualitatively. Mergel stone from the Aachen city hall and 
Sanderstone were treated with strong strengthener by dipping method at the Institute for the 
Bauforschung of RWTH.   
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Mergelstone from Aachen City Hall 
One cylindrical sample of 80 mm length and 44 mm diameter (sample 2 in Fig. 4.1.3) was ex- 
 
 
Fig. 4.3.1: Treated and untreated mergel stone samples from the front part of the city hall in Aachen. 
On the right hand side is the CPMG decay curve obtained with the figure-8 NMR MOUSE at a 
Larmor frequency of 21 MHz with tE = 60 µs. The corresponding T2 distributions are given in Fig. 
4.3.2. 
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Fig. 4.3.2: Relaxation time distributions of Mergelstone from the city hall of Aachen treated for stone 
conservation (sample 2 in Fig. 4.1.3). The data were acquired with the 2.5 kg NMR-MOUSE at 21 
MHz (right) and with the 36 kg NMR-MOUSE at 10.55 MHz. 
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posed to a bath of stone strengtheners from one end to soak up the fluid (stone strengthener). 
This side is referred to as treated (Fig. 4.3.1). The other side of the mergel stone is called 
partially treated because mergel stone is highly porous and fluid reaches the other end. A 
second, shorter sample was untreated.  
After drying for some weeks the samples were soaked in water for CPMG 
measurements of the transverse relaxation time distributions by the 36 kg NMR-MOUSE and 
the 2.5 kg NMR-MOUSE (cf. Fig. 4.2.1, middle and left). The relaxation time distribution 
obtained by UPEN inversion of magnitude CPMG relaxation decays are depicted in Fig. 4.3.2 
(left) for the 36 kg NMR-MOUSE. The distributions obtained with the 2.5 kg NMR-MOUSE 
are similar (right) albeit with narrower peaks and a loss of signal at large relaxation times. The 
different widths of the peaks at short relaxation times are attributed to particularities in the 
inversion algorithm and diffusive loss in the gradient  fields of the NMR-MOUSE sensor. 
The untreated sample shows large signal at long relaxation times indicating the 
existence of a large number of large pores. The partially and the fully treated samples show an 
overall attenuation of the relaxation time distributions which is more pronounced for the large 
relaxation times. For the fully treated sample the attenuation is strongest. This is in qualitative 
agreement with filling and a size reduction of the pores by deposition of stone strengthener.  
 
Sander Sandstone 
The effect of stone strengtheners on the pore size of sander sandstone has been investigated 
for three different stone strengtheners, TegovaconV100, Funcosil100, and Funcosil300. 
For Funcosil 100 and Tegovacon V100 the effect on the pore sizes of the available samples 
was similar. In comparison to the untreated sample (Fig. 4.3.3, top left), the number of large 
pores has been reduced for depth of a few millimeters into the sample away from the surface 
(Fig. 4.3.3 right, top and bottom). For the sample treated with Funcosil 300 no visible effect 
on the shape of the relaxation time distribution was detected compared to the untreated 
sample.  
            While the change in pore sizes is readily identified from the distributions of relaxation 
times, the depth dependence is more clearly visualized by plotting the relaxation times T2long 
corresponding to a mean large pore size and T2short corresponding to a mean small pore size 
from a biexponential fit to the experimental CPMG decays (Fig. 4.3.3, bottom left). Both, 
T2long and T2short and are smaller in a region up to about 5 mm near the surface. At higher 
depth, both relaxation times increase to larger values. This can be interpreted in such a way, 
that the mean size of the large and that of the small pores has been decreased by the stone 
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strengthener within the outer 5 mm layer of the sandstone. The mean sizes of large and small 
pores differ by a factor of 10, that is, by the ratio of the associated relaxation times T2long and 
T2short, respectively (Fig. 4.3.3). 
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Fig. 4.3.3: Data from measurements at different depths in Sander sandstone samples with the 36 kg 
NMR-MOUSE to assess the effect of treatment with different stone strengtheners. Top: Relaxation 
time distributions for the untreated side (left) and the side treated with Tegovacon® V100 (right) at 9 
MHz. Bottom: Relaxation times from a biexponential analysis (left) of the experimental data and 
relaxation time distributions (right) for treatment with Funcosil® 100 at 9 MHz.  
 
 
 
Chapter 4                                     NMR of Porous Building Materials 166 
0.01 0.1 1 10 100 1000
0
treated
untreated
relaxation time  [ms]T2
pr
ob
ab
ili
ty
[a
.u
.]
Sander sandstone 
treated with 
Funcosil® 300 from 
one side
surface 2 mm
4 mm 6 mm 7 mm  
 
Fig. 4.3.4: Data from measurements at different depths in Sander sandstone samples with the 36 kg 
NMR-MOUSE to assess the effect of treatment with stone strengthener Funcosil® 300 at 9 MHz. 
 
Biexponential studies were also performed on sander sandstone treated with Funcosil 
300 to get information about actual T2 values as a function of depth at 9.0 MHz  (Fig. 4.3.5). 
This figure emphasizes the more effective reduction of bigger pores by Funcosil 300 than 
other stone strengtheners. Similarly many sandstones were subjected to similar experiments to  
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Fig. 4.3.5: Transverse relaxation time, T2, studies at different depths (0.8 mm slice thickness, depth 
adjusted by adjusters) in Sander sandstone samples with the 36 kg NMR-MOUSE to assess the effect 
of treatment with stone strengthener Funcosil® 300 at 9 MHz. 
Chapter 4                                     NMR of Porous Building Materials 167 
get the transverse relaxation time distribution, T2 as shown in Fig. 4.3.6. 
These investigations show, that the 36 kg NMR-MOUSE is suitable for characterizing 
the effect of stone treatment, and that relative values can be obtained, However, absolute 
values of pore sizes require a calibration, for example by mercury intrusion porosimetry 
(MIP). Furthermore, the 36 kg sensor is not easily portable and convenient for mobile use. 
Therefore, the problems associated with a calibration of relaxation time distributions and the 
comparison of distributions of apparent relaxation times measured with different NMR 
sensors and by MIP were investigated for some brick samples. In contrast to the 
comparatively clean sandstone samples the brick samples show different amounts of magnetic 
impurities [Val2001] as discussed before in historical building materials section (see above). 
Different kind of sandstones were investigated with the CPMG pulse sequence and 
relaxation curve obtained were subjected to inversion with LaPlace transformation using the 
same UPEN program to obtain distribution of T2 relaxation times. The T2 distribution of these 
sandstones has been calibrated with respect to the pietra di noto as this sample contains 
essentially no paramagnetic impurities. 
 
 
 
 
 Fig. 4.3.6: Data from measurements for different sandstone samples with the 36 kg NMR-MOUSE. 
Left: sandstones (left top) and CPMG decays (left bottom). Right: relaxation time T2 distribution 
sobtained T2, at a Larmor frequency of 10.55 MHz. 
 
Chapter 4                                     NMR of Porous Building Materials 168 
4.3 Conclusions 
The unilateral NMR sensor sensors like the NMR-MOUSE can be employed to characterize 
the size distribution of water filled pores in building materials even in the case of 
ferromagnetic contaminations. The shapes and the positions of the relaxation time 
distributions are similar to those of the pore size distributions obtained by mercury intrusion 
porosimetry unless the samples exhibit very strong ferromagnetic contaminations. For short 
echo times even the strong effect of internal gradient fields can be meliorated, so that the pore 
size distributions in weakly ferromagnetic bricks can be analyzed by NMR. Moreover, the 
relaxation time distributions measured volume selectively by NMR-MOUSE sensors with 
inhomogeneous fields show a better match with the pore size distributions from mercury 
intrusion porosimetry than those measured in homogeneous field. Furthermore it has been 
shown that unilateral NMR sensors can be employed to assess the change in pore size due to 
treatment with stone strengtheners, and the effect of different stone strengtheners can be 
distinguished. With regard to the measurements of the fresco and the bricks in the walls in the 
cryptoporticus of Colle Oppio in Rome (Fig. 4.2.6) it is concluded, that as a consequence of 
the short echo times of 60 and 80 µs used in these experiments, the relaxation time 
distributions are only little attenuated for large values of T2. Certainly, a comparative 
evaluation of the distributions is justified to assess the difference in contributions of water in 
small and large pores between different locations. The MIP scale used in this work and 
obtained from adjusting the shape of the MIP pore size distribution to the relaxation time 
distribution of terra cotta provides a useful start for interpretation of NMR relaxation data, if 
MIP data are not available like for the fresco and the bricks in the wall.  
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5 Degradation of Historical Papers 
 
5.1 Historical Papers 
For many centuries paper was the only material for recording cultural achievements all over 
the world [Blü2003a]. The art of making paper from fibrous plant matter began in China in 
the 1st century BC. The manufacture of paper in Europe was first established in Islamic Spain 
in the middle of the 11th century. In the second half of the 14th century the use of paper had 
become well accepted in all of Western Europe (Fig. 5.1.1). Prior to 1850 paper was made 
from cellulose and water using hemp, flax, and cotton fibers. Historical paper differs from 
contemporary paper in many ways. Antique paper was made entirely from rags, i.e. from 
linear long cellulose fibers, only with the addition of sizing compounds, whilst contemporary 
paper can be manufactured from short fibers, hemi-cellulose, and lignin, and may contain 
nonfibrous components including various coloring agents, fillers, and coatings. Originally an 
animal glue was used for sizing.  
 
 
 
 
 
 
 
 
 
Fig. 5.1.1: Many historical books are stored in public and private libraries and may need professional 
attention for preservation [B. Blümich]. 
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It was substituted in the 19th century by rosin and alum, and more recently by other synthetic 
products. Main purpose of the investigation was whether unilateral NMR or inside-out NMR 
can be used for nondestructive or non-invasive analysis of paper degradation. 
 
5.1.1 Paper Degradation 
Paper can be degraded to various degrees by different causes among which the more common 
ones include biological attacks by bacteria, fungi, and insects, and chemical attack. Chemical 
attack is mostly due to oxidation and acidity. Moreover, a common risk factor is careless 
handling and inadequate storage which can lead to the presence of all the types of damage 
mentioned above. The longevity of documents is based on the physical preservation of the 
support material. In the past few years NMR methods have been shown to be valuable in 
assessing the quality of paper with regard to the early detection of enzymatic attack [ 
Cap1998a]. In standard NMR experiments [Ern1987] one of the most sensitive NMR 
parameters to measure is the transverse relaxation time T2. Although only 10–20 mg of paper 
material are needed for investigation, the use of conventional NMR is destructive to the object 
under investigation. In fact any sampling of ancient historical paper must strictly be avoided. 
The so-called NMR-MOUSE probe [Eid1996] connected to a portable NMR spectrometer can 
measure proton T2 relaxation in an entirely nondestructive way, maintaining the integrity of 
historical documents and books. 
 
5.1.2 Applied NMR for assessing state of preservation of paper 
Historical paper is basically a two-component material made from cellulose and water, which 
includes some impurities [Pac1995]. EPR measurements have shown [Cap1999a], that such 
paper exhibits a low content of paramagnetic impurities like copper and iron ions which act as 
relaxation reagents and shorten the relaxation times. In paper, cellulose is 40–60% amorphous 
while the remainder is crystalline. Cellulose crystallizes in many polymorphous forms. Two 
of these polymorphs, monoclinic (Iα) and triclinic (Iβ) constitute the crystalline part of paper. 
NMR measurements indicate, that the water molecules aggregate in small puddles and are 
intimately mixed with the macromolecular cellulose domains [Cap1996a]. NMR spin 
diffusion studies such as WISE and dipolar filtered 13C CP-MAS spectra and also 1H spectra 
measured as a function of temperature have shown, that the regions of crystalline and 
amorphous cellulose are also closely connected [Cap2002]. These results suggest, that 
cellulose forms a close-knit structure of water, amorphous, and crystalline regions on the 
nanometer scale. In good-quality well-preserved paper, that is, in paper in which the cellulose 
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possesses a high degree of polymerization, the actual ratio of the spin densities of water to 
cellulose is always near 10/2, i.e., amorphous cellulose surrounds small water pools. Even a 
small loss of water from paper causes its full degradation [Seg1999]. 
 
5.1.3 Role of NMR-MOUSE 
The same strategy is applied using the NMR-MOUSE [Anf2001], a MObile Universal Suface 
Explorer, following the principles of inside-out NMR, but admitting much larger 
inhomogeneities of the polarization field B0 to obtain larger field strength for improved 
sensitivity [Mat1989 and Pra2001]. Basically the NMR-MOUSE (Fig. 5.1.2) replaces the 
magnet and the probe of a regular NMR spectrometer. When operated with a small PC 
spectrometer, a mobile NMR unit is obtained which can be transported to the sample. It turns 
out that the NMR-MOUSE sensor is well suited for nondestructive analysis of various 
materials, most preferably soft matter like rubber in car tires, elastomers and fittings [Her 
2002] and organic tissues like skin and tendon [Haa2000], where material properties can be 
probed utilizing the same contrast principles which are exploited in magnetic resonance 
imaging [Cal1991, and Blü2000].  
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Fig. 5.1.2: Principle of the NMR-MOUSE, and photos of a figure-8-coil MOUSE (top) and a 
meander-coil MOUSE (bottom). A u-shaped magnet providing the polarization field B0 accommodates 
a rf coil in the gap, so that in a region above the plane of the NMR-MOUSE the magnetic polarization 
field  B0 and the magnetic RF field B1 possess orthogonal components. This region defines the 
sensitive volume of the sensor. 
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In particular, relaxation times [Blü1998], self-diffusion constants [Gut2000 and Cas 
2003], and multi-quantum coherences [Wie2001] can be measured. Closely related 
methodical developments of NMR in inhomogeneous fields are conducted in the context of 
well logging [Hürl 2001 and Hürl 2001]. By improving the design of the NMR-MOUSE, the 
dead-time could be shortened to less than 10 µs and the sensitivity improved so that thin and 
rigid samples can now be analyzed as well. Using a figure-8 coil or a meander coil (Fig. 5.1.2) 
for the RF excitation [Anf2000] the signals from cellulose in paper can be measured with 
echo times of 60 µs and less, and sets of Hahn echoes from individual sheets of paper can be 
obtained within reasonable measurement times of a few hours. The relaxation decay curve 
was modeled with a biexponential function (cf. chapter 2). 
 
5.2 Experimental 
Measurements on historical books were performed at RWTH Aachen and at the Instituto 
Centrale di Patologia del Libro in Rome. The NMR-MOUSE used had a figure-8 coil etched 
on a printed circuit board. To reduce the background signal from the protons in the circuit 
board, Hahn echoes were measured instead of multi-echoes according to Carr, Purcell, 
Meiboom, and Gill (CPMG). The protons in the circuit board had a transverse relaxation time 
in the order of 20 µs, so that only the echoes at echo times shorter than 60 µs were 
contaminated by background signal.  
 
 
 
 
 
 
 
 
  
 
 
Fig. 5.2.1: PC-NMR spectrometer controlled by a notebook PC and NMR-MOUSE measuring the 
paper of a 17th century German bible. In principle the NMR-MOUSE can also be positioned in such a 
way that it does not touch the paper.  
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Instead of CPMG the successive Hahn echoes were measured using phase cycling (cf. 
2.2.3). In this way the magnetization decay in homogeneous fields was stroboscopically 
probed in the echo maxima. The measurement frequency was 19.6 MHz, and the echo time 
was stepped from 60 µs to 1.3 ms with a recycle delay of 0.5 s. Using a Bruker Minispec-PC 
spectrometer (Fig. 5.2.1) 1600 averages were acquired per echo time in experiments carried 
out overnight. 
 
5.3 Results and Discussion 
 
5.3.1 German Bible (17th Century) 
A typical Hahn echo decay envelope acquired from a 19th century German book made from 
good quality paper is shown in Fig. 5.3.1. From the logarithmic presentation it is obvious that 
the decay is bi-exponential. The fast decaying component corresponds to the cellulose protons 
and does not vary much in different paper samples of good quality. Our investigations 
showed, that in different books it fluctuates around a mean value of 27 µs.  
 
 
Fig. 5.3.1 [Blü2003]: Typical bi-exponential signal decay of good quality historical paper for a 
German book from 1867. Left: linear scales. Right: semi-logarithmic scales. Mxy is the transverse 
magnetization. Mxy(0) is its value extrapolated to zero echo time.  
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The long component, which is known to be characteristic of the state of the paper, 
corresponds to water. For good quality paper it varies significantly between 0.4 and 1.8 ms for 
books printed between 1600 and 1870 AD. 
5.3.2 Highly degraded book (17th Century, Rome)  
In Rome, at the Instituto Central di Patologia del Libro two degraded books from the 17th 
century were investigated using the figure-8 NMR-MOUSE. Different stages of degradation 
could be recognized from the NMR signals. In the case of one book only the upper half was 
still existing (Fig. 5.3.2). Measurements were obtained from the top part of the book where 
the paper was degraded medium and from the central portion where the degradation was high. 
The different degrees of degradation refer to evidence of biological attack and can be defined 
as follows:  
(a) a high degree of degradation means that the paper is so fragile that it cannot be 
handled without the risk of disintegration;  
(b) medium degradation means that the paper is very fragile, but handling remains 
possible; 
(c)  low degradation refers to paper that shows superficial traces of biological attack. 
  
 
Fig. 5.3.2 [Blü2003]: Book from the 17th century with severe damage. The echo envelopes measured 
with the NMR-MOUSE at the top and the middle of the page are different. The slowly decaying 
component associated with water has disappeared in the middle of the page. The drawn lines serve as a 
guide to the eye. Mxy is the transverse magnetization. Mxy(0) is its value extrapolated to zero echo time.  
A logarithmic presentation of experimental data reveals, that the decay of the echo 
envelope is bi-exponential for medium degradation. Therefore, the decay shows separate 
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signals from the protons of cellulose and water. However, in the highly degraded part only the 
short component of the cellulose matrix was detected. Hence the loss of water is so high that 
the signal from water protons can no longer be measured.  
5.3.3 Water damaged book (1605 AD)  
Paper with an overall lower state of degradation was investigated in a second water damaged 
book from the same period (Ioannis Lorini, In Acta Apostolorum Comentaria, Lugdini apud 
Horatium Cardon, Paris, 1605) (Fig. 5.3.3). Unlike the first book studied, this book could still 
be opened and the state of degradation of the paper was medium on average. The bottom part 
of the sheets showed little to no degradation with a small area of paper in good condition. In 
the central portion of the sheets the paper was medium degraded, whilst the most damage was 
observed at the top of the sheets, where the paper was disintegrating.  
 
 
Fig. 5.3.3 [Blü2003]: Book from 1605 showing evidence of biological attack. The positions, where the 
NMR measurements were conducted are indicated. In the logarithmic presentation of the experimental 
NMR data the different degrees of paper degradation can clearly be distinguished. The degradation 
degrees are: 1, low; 2, medium; and 3, high. The drawn lines serve as a guide to the eye.  
 
In the logarithmic presentation of the NMR relaxation data the different degradation 
states of the sheets can be distinguished. All three relaxation decays are at least bi-
exponential, and with increasing level of degradation, both the fast and the slow relaxation 
times decrease. The water loss coincides with a change in the state of the cellulose structure, 
that is to say, the paper becomes brittle. The change in the fast relaxation component can also 
be identified in a presentation which analyzes the decay of the echo envelope in terms of a 
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distribution of relaxation times. Following the analysis established for the interpretation of 
well logging data, the echo envelope has been converted into a distribution of relaxation times 
P (T2) using the UPEN program.  
5.3.4  Inversion of relaxation decays 
Relaxation decays can be inverted for their underlying distribution of relaxation times by 
inverse Laplace transformation. The UPEN program in effect performs a regularized inverse 
Laplace transformation by an algorithm which produces useful results with well-resolved 
peaks by fitting a distribution of decaying exponentials with positive amplitudes [Bor1998] as 
mentioned in Chapter 3. The algorithm works well for signal-to-noise ratios better than 20 
[Bor1998]. While the slowly relaxing component from water is suppressed in the UPEN 
analysis due to low signal-to-noise ratio (Fig. 5.3.4), the signal from the rapidly relaxing 
cellulose protons is sufficiently indicative of the state of degradation.  
 
 
Fig. 5.3.4 [Blü2003]: Distributions of relaxation times obtained by inversion of echo envelopes 
measured with the NMR-MOUSE on a page in the middle of the book. The UPEN algorithm 
suppresses slowly relaxing signal from bound water because of bad signal-to-noise ratio. The 
distributions are scaled to the same maximum height. The different degrees of paper degradation can 
clearly be discriminated in this representation. 
For the relaxation data acquired from both damaged books, it was observed that with 
decreasing paper quality the relaxation times from both, cellulose and water, decrease (Fig. 
5.3.3 and Fig. 5.3.4). Given that the paper degradation is associated with a loss of water, the 
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unexpected decrease of the relaxation time from the cellulose protons is explained by 
magnetization exchange [Kap1980] between cellulose and water protons.  
The magnetization of the water protons exhibits longer relaxation times but slowly 
exchanges with that of the cellulose protons by spin diffusion and chemical exchange. Water 
loss reduces the replenishing of cellulose magnetization from the water reservoir, so that the 
magnetization of the cellulose protons relaxes faster upon water loss. In addition, the 
degradative attack on the cellulose chains is expected to start in the more mobile regions, 
which are the parts with a higher content of amorphous cellulose, while the more crystalline 
areas survive the attack. This type of behavior is consistent with chemical aging of semi-
crystalline synthetic polymers, where the aging process starts in the amorphous regions 
[Str1978]. 
 
5.4 Conclusions 
The NMR-MOUSE is a mobile sensor for single-sided NMR inspection of organic materials 
which takes advantage of the principles of magnetic resonance and inside-out NMR. For the 
first time different degrees of paper degradation were analyzed entirely nondestructively by 
nuclear magnetic resonance relaxation. Although the sensor works with strongly 
inhomogeneous polarization and RF magnetic fields, the quality of the experimental data is 
sufficient for discrimination of different states of paper preservation in the books investigated. 
Due to proton signal from the material supporting the coil, multi-echo sequences like CPMG 
were abandoned in favor of more time-consuming Hahn echo measurements. Encouraged by 
the promising perspectives of these investigations for the assessment of the quality of 
historical documents and books, RF coils edged on glass or single-crystal wafers may provide 
a proton-free coil environment, and parallel operation of several sensors will further speed up 
the inspection process for the analysis of historical paper. Given the similar consistency, the 
analysis of historical and other precious objects made from wood, leather, and textiles is 
feasible as well. Nevertheless, further experiments on books and other materials are needed to 
establish a statistically relevant data base for reference, and hardware improvements are 
needed to increases the data quality. The non-destructiveness of the method as well as the 
potential to design the equipment and the measurement protocol for use by non-NMR experts 
should be appealing features to conservators.                                          .   
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6 Summary 
 
Over the last decade great achievements have been acquired in the field of NMR 
spectroscopy besides a lot of challenging and complex problems still need to be 
investigated. Usually in NMR spectroscopy a sample is prepared for the NMR 
measurement, positioned in the magnet, measured, and discarded. These steps involve 
data analysis with varying degree of freedom, dissolution and purification of the 
compound etc. and subjection to a NMR sensor which can be a conventional high 
resolution liquid-state NMR spectrometer equipped with a continuous-flow or a stopped-
flow probe [Wat1978] or it can be a mobile NMR device.  
A particularly interesting development in this context is the use of NMR for 
process and quality control [Blü2003]. Here, non-destructiveness is a key demand. It 
implies the lack of invasive sample preparation. When the measurements are supposed to 
take place under the harsh condition, it is necessary to replace the high resolution NMR 
by the relaxation analysis [Kim1997] i.e. low resolution NMR. Nevertheless, low 
resolution NMR provides information about molecular mobility in solids and liquids 
through relaxation measurements and about molecular transport of fluids by diffusion, 
flow, and acceleration in microconfined environments through justified use of magnetic-
field gradients. Applications of low-resolution NMR are in the food industry [Bar1990], 
the paper and pulp industry [Arg1995], and in the analysis of building materials [Bli1988, 
Kru1989, Pel1995, Sha2003] and polymer materials [Blü1998, Gut1998, Zim1998]. The 
inside-out NMR is one of the recognized technique in the field of low resolution NMR. In 
this technique spectrometer sits inside the sample i.e., oil well logging and drilling 
[Coa1999]. This concept was extended to single-sided NMR or unilateral NMR. A 
systematic investigation of measurement methods and applications followed in the last 
decade referring to the NMR-MOUSE (mobile universal surface explorer) as a handheld 
mobile sensor for unilateral NMR [Eid1996]. Thereafter several changes have been given 
to this system in order to develop advanced NMR-MOUSE with improved characteristics 
like reduction of dead time, removal of magnetoacoustic ringing, electrostiction of the 
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magnetic material and the microphone effect. These achievements have been acquired 
with the development of the figure-8 NMR-MOUSE which has been described in detail 
in chapter 2 [Anf2001] and its applications in chapters 3 [Blü2003a], 4 [Sha2003] and 5 
[Blü2003b]. The short dead time of this design (solenoidal coil of original NMR-MOUSE 
replaced by a figure-8 coil system) admits the measurement of rapidly relaxing signals, 
because short echo times of 20 µs can be used without interference of the signal from 
probe ringing and other background signals. In this research it has been shown that 
NMR-MOUSE cannot only be used for characterizing elasatomeric samples but also  
porous and degraded paper samples even in the presence of ferromagnetic 
contaminations.  
In the present work following results have been obtained: 
a)  Investigation of Silicone and synthetic rubber samples: Different NMR-MOUSEs 
have been used for the analysis of industrial and institute made rubber samples. High 
energy cable shells made of silicone rubber were subjected to investigations with the 
NMR-MOUSE and NMR imaging to correlate both the results (chapter 3). A multi-
layered cable shell was investigated successfully with relaxometric analysis with the 
solenoidal NMR-MOUSE. The data has been processed and fitted with the best possible 
mathematical function to create a data base for comparison of the results with previous 
experiments and also among themselves. Besides the detection of voids in the sample,  
agglomerates have also been discovered with the NMR imaging technique. The samples 
were intentionally aged at different temperature and expanded and then subjected to 
investigations with the NMR-MOUSE and NMR imaging to find out the effects of ageing 
and durability of the material. Natural rubber, synthetic rubber, and silicone rubber were  
analysed under the same condition but different experimental parameters.  
      The inner and outer of the cable sets could be clearly differentiated on the basis the 
NMR relaxation behavior with NMR imaging. With the mobile NMR sensor, the NMR 
relaxation times in different depths of the electrical cable shells can be measured 
nondestructively. It could be shown that both the slow Hahn-echo method and the faster 
multi-echo method  (CPMG) can detect differences in the sample quality from stretching 
and ageing. Here the measuring accuracy is hi
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depth) of the cable shells set than inside (7.5 mm of depth). For the characterization of 
the silicone rubber samples, over several individual measurements need to be performed 
and averages of fit parameters calculated which can describe the cross-linking degree and 
the homogeneity together with its variance. The electrical treeing structures can be 
identified by the NMR imaging. Standard techniques are, however, too low in contrast, so 
that special procedures must be used such as multiple-quantum NMR. They can be 
transferred  to the NMR-MOUSE for evaluation of industrial samples.  
 For the synthetic rubber samples, the parameter, transverse relaxation time T2eff, 
obtained from the CPMG decay curve by modeling it with stretched exponential function 
reveals the status in which the various chains in the elastomer are inter-linked and their 
backbone stiffness. The higher the cross-link density, the higher will be the hardness of 
the samples and less will be the T2eff value. The cross-link density or the hardness 
increases with sample number in B sample series as T2eff decreases across the whole 
series. The opposite trend is found in the case of P sample series  except the sample 
number P3. The multiple experiments at single and multiple points in the sample number 
B2 describes the statistical  nature of the distribution of parameters A, b and T2eff. Such 
distributions are quite wide for the multiple point measurements compared to those for 
the single-point repetitive measurements. This fact suggests the presence of 
inhomogeneties  throughout the sample. This fact has also been observed in the imaging 
experiment conducted on one of the samples in B series.  
 
b)  Investigation of the porous building materials:  Similar to the investigation of rubber 
samples, different NMR-MOUSEs have been used tested characterize the size 
distribution of water filled pores in building materials even in the case of ferromagnetic 
contaminations (chapter 4). The main idea was to investigate the status evaluation of the 
historical building materials which can be subjected to chemical treatment for its safety 
and preservation for longer duration. The higher the porosity of the samples, the attention 
has to be given for its preservation. The shapes and the positions of the relaxation time 
distributions are similar to those of the pore size distributions (PSD) obtained by mercury 
intrusion porosimetry (MIP) unless the samples exhibit very strong ferromagnetic 
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contaminations. For short echo times even the strong effect of internal gradient fields can 
be meliorated, so that the pore size distributions in weakly ferromagnetic bricks can be 
analyzed by NMR. The relaxation time distributions measured selectively by NMR-
MOUSE sensors with inhomogeneous fields show a better resulting match with the pore 
size distributions from mercury intrusion porosimetry than those measured in higher and 
highly homogeneous field.  
 It has been shown that unilateral NMR sensors can be used to assess the change in 
pore size and pore size distributions due to treatment with stone strengtheners and the 
effect of different stone strengtheners can be distinguished. A comparative evaluation of 
the distributions is justified to assess the difference in contributions of water in small and 
large pores between different locations. In situ measurements have also been carried out 
for the wet historical bricks and wet fresco in the walls in the cryptoporticus of Colle 
Oppio in Rome. The MIP scale used in this work and obtained from adjusting the shape 
of the MIP pore size distribution to the relaxation time distribution of terra cotta provides 
a useful initiative for interpretation of NMR relaxation data, if MIP data are not available 
like for the fresco and the bricks in the wall. 
 
c) Degradation of historical papers:  In the present work historical books from the 
17th century were subjected to the non-destructive relaxometric analysis with the NMR-
MOUSE. Although the sensor works with strongly inhomogeneous polarization and RF 
magnetic fields, the quality of the experimental data is sufficient for discrimination of 
different states of paper preservation in the books investigated (chapter 5). Due to proton 
signal from the material supporting the coil, multi-echo sequences like the CPMG 
sequence were abandoned in favor of more time-consuming Hahn echo measurements. 
The echo signal data obtained with the Hahn echo pulse sequence was subjected to the 
regularized inverse Laplace transform. The Gaussian-like peaks obtained from the 
inverse Laplace transformation of the Hahn echo decay envelope data of differently 
degraded paper samples discriminates clearly the books investigated [Blü2003b].              
    Summarizing, the NMR-MOUSE is a nuclear magnetic resonance sensor for unilateral 
NMR of materials suitable for process and quality control. In present work it has been 
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used for investigating rubber, porous, and degraded paper samples with NMR relax-
ometry. The NMR-MOUSE offers an inexpensive and reliable mobile sensor for non-
destructive testing. The large variety of NMR experiments offers many opportunities and 
the number of combinations of NMR experiments seems to be limited only by the 
creativity of the researcher.  
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Appendix  
 
Experimental Data and Acquisition Parameters 
 
Chapter 2 
 
Table 2.4.1:  Relaxation times and signal amplitudes from cotton and historical books 
obtained with the Hahn echo pulse sequence and figure-8 NMR-MOUSE. 
date of book 
(A.D.) 
T2short [µs] Ashort T2long [µs] Along 
17th century 25.9 ± 0.7 37.1 ± 1.5  423 ±   42 1.4 ± 0.1 
1756 28.6 ± 0.9 35.9 ± 1.8 1362 ± 279 1.1 ± 0.1 
1840 26.4 ± 2.6 35.7 ± 5.6   869 ± 269 1.7 ± 0.3 
1867 28.8 ± 1.3 36.0 ± 2.5 1793 ± 750 1.1 ± 0.1 
cotton 25.8 ± 4.0 18.6 ± 8.2 - - 
 
 
Table 2.5.1: Some of the diagnostic parameters which illustrate some of the data charact- 
eristics. The variables are described in [Bor2000]. The first point (time verses echo 
amplitude) is taken from CPMG data for same brick sample at different Larm. Freq.. 
Larmor    
 Freq. 
S/Rv XNeg 
%  
RmR RmR12 Extrap 
low 
Rum RumV Sinf TE 
(ms)
First 
point 
Sepstr1 124 1.3 −.007 −.010 .2 .576
7 
.5810 .389 .10 .21 
Bfs1055 98 .1 −.003 +.120 3.3 .477
9 
.4795 .217 .1 .21 
Stb6021 149 1.8 +.077 +.179 41.7 .578
3 
.5366 .65 .06 .12 
Stb6021* 129 2.1 +.053 −.226 .9 .532 .5046 .663 .06 .33 
Std0140 647 −706 +.699 +.943 0 .314
5 
.1564 −.0503 .1 .1 
Std0140* 2430 0 +.053 −.207 14.1 .030
34 
.02878 (0) .1 .75 
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Table 3.2.2: Results obtained from CPMG experiments on PDMS cable shells. 
Parameter \  Sample          G1: new,
           150° 
         G2: new,
            200° 
         G3: stretched 
           150° 
         G3: stretched
            200° 
Position 1, 512 Scans :  
up: A1/(A1+A2) 0.16 0.15 0.23 0.20
up: A2/(A1+A2) 0.84 0.85 0.77 0.80
up: T21 [ms] 8.2 10.5 9.0 8.6
up: T22 [ms] 57.5 56.1 50.3 48.2
down: A1/(A1+A2) 0.63 0.16 0.23 0.22
down: A2/(A1+A2) 0.37 0.84 0.77 0.78
down: T21 [ms] 0.5 4.2 2.0 5.4
down: T22 [ms] 48.3 44.0 44.0 43.1
 
Position 1, 2048 Scans , Meas. 1: 
 
up: A1/(A1+A2) 0.20 0.21 0.25 0.24
up: A2/(A1+A2) 0.80 0.79 0.75 0.76
up: T21 [ms] 12.8 13.3 10.5 9.9
up: T22 [ms] 64.2 58.4 55.7 51.1
down: A1/(A1+A2) 0.26 0.21 0.21 0.17
down: A2/(A1+A2) 0.74 0.79 0.79 0.83
down: T21 [ms] 1.9 7.0 7.7 5.7
down: T22 [ms] 51.8 49.9 43.8 41.6
 
Position 1, 2048 Scans , Meas. 2: 
 
up: A1/(A1+A2) 0.20 0.20 0.25 0.22
up: A2/(A1+A2) 0.80 0.80 0.75 0.78
up: T21 [ms] 12.6 11.6 10.1 12.6
up: T22 [ms] 63.1 59.5 54.9 52.2
down: A1/(A1+A2) 0.20 0.18 0.20 0.28
down: A2/(A1+A2) 0.80 0.82 0.80 0.78
down: T21 [ms] 13.5 3.9 7.0 6.9
down: T22 [ms] 58.4 49.0 46.0 45.4
 
Position 2, 512 Scans : 
 
up: A1/(A1+A2) 0.15 0.15 0.22 0.25
up: A2/(A1+A2) 0.85 0.85 0.78 0.75
up: T21 [ms] 6.9 8.6 9.71 9.7
up: T22 [ms] 55.4 54.8 50.86 48.7
down: A1/(A1+A2) 0.17 0.16 0.40 0.24
down: A2/(A1+A2) 0.83 0.84 0.60 0.76
down: T21 [ms] 17.1 10.9 9.6 8.9
down: T22 [ms] 48.2 47.6 50.2 39.2
 
Position 3, 512 Scans : 
 
up: A1/(A1+A2) 0.19 0.19 0.25 0.24
up: A2/(A1+A2) 0.81 0.80 0.75 0.76
up: T21 [ms] 12.8 7.9 8.6 9.4
up: T22 [ms] 61.3 56.0 52.3 47.3
down: A1/(A1+A2) 0.30 0.17 0.27 0.29
down: A2/(A1+A2) 0.70 0.83 0.73 0.71
down: T21 [ms] 1.4 5.4 8.8 6.2
down: T22 [ms] 54.3 45.8 44.9 41.1
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Table 3.2.3: Comparison for reproducibility of the results obtained for same point in the 
PDMS cable shells. 
Parameter \  Sample          G1: new,
           150° 
         G2: new,
            200° 
         G3: stretched 
           150° 
         G3: stretched
            200° 
Position 1, 2048 Scans : 
 
 
Measurement 1,up: T22 [ms] 64.2 58.3 55.7 51.1
Measurement 2, up: T22 [ms] 
 
63.1 59.5 54.9 52.2
Measurement 1, down: T22 [ms] 51.8 49.9 43.8 41.6
Measurement 2: down: T22 [ms] 58.4 49.0 46.0 45.4
 
 
 
Table 3.2.4: Comparison for reproducibility of the results at different points in the PDMS 
cable shells. 
Parameter \  Probe          G1: new,
           150° 
         G2: new,
            200° 
         G3: stretched 
           150° 
         G3: stretched
            200° 
Pos. 1, 512 Scans , up: T22 [ms] 57.5 56.1 50.3 48.2
Pos. 2, 512 Scans , up: T22 [ms] 55.4 54.8 50.9 48.7
Pos. 3, 512 Scans , up: T22 [ms] 61.3 55.9 52.3 47.3
Pos. 1, 512 Scans , down: T22 [ms] 48.3 44.0 44.0 43.1
Pos. 2, 512 Scans , down: T22 [ms] 48.2 47.6 50.2 39.2
Pos. 3, 512 Scans , down: T22 [ms] 54.3 45.8 44.9 41.1
 
 
 
Table 3.2.5: Comparison for the reproducibility of the results for different number of sca- 
ns: 
Parameter \  Sample          G1: new,
           150° 
         G2: new,
            200° 
         G3: stretched 
           150° 
         G3: stretched
            200° 
Pos. 1, 512 Scans, up: T22 [ms] 57.5 56.1 50.3 48.2
Pos. 1, 2048 Scans, up: T22 [ms] 64.2 58.4 55.7 51.1
Pos. 1, 512 Scans, down: T22 [ms] 48.3 44.0 44.0 43.1
Pos. 1, 2048 Scans, down: T22 [ms] 51.8 49.9 43.8 41.6
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Table 3.3.1: Experimental parameters for the measurem- 
ent of technical rubber samples B and P. 
Experimental 
parameters 
B 
sample series 
P 
sample series 
Bruker 
Minispec. 
(Domain) 
 
1479 
 
1488 
Larmor Freq. 22.0 MHz 22.0 MHz 
Recycle Delay 
Receiver gain 
Scans 
Pulse length 
Pulse attenuation
Echo time 
Nr. of echoes 
2.0 s 
95 dB 
1000 
2.6 µs 
15 dB 
0.05 ms 
1400 
2.0 s 
95dB 
1000 
2.6 µs 
15 dB 
0.05 ms 
400 
 
 
Table 3.3.2: The fitting parameters of the B samples obtained after modeling the CPMG 
decay curve with the stretched exponential equation 3.3.1. 
Sample A (ms) b T2 y0 
0 0.966 0.8651 9.39 0.0023 
1 0.969 0.8520 8.62 0.0025 
2 0.970 0.8416 8.22 0.0026 
3 
4 
5 
0.971 
0.976 
0.977 
0.8429 
0.8386 
0.8315 
8.11 
7.91 
7.66 
0.0037 
0.0027 
0.0024 
 
 
 
 
 Appendix 214 
 
Table 3.3.3: Fit parameters and accuracies from a NSLF analysis of the B sample series 
data with a stretched exponential fit.  
Sample A ± ∆ A T2  ± ∆ T2 (ms) b ± ∆ b     y0 ± ∆ y0 
0 0.966 
± 0.0012 
9.39 
± 0.016 
0.865 
± 0.0016 
0.0023 
± 1.7 x 10-4 
1 0.969 
± 0.0012 
8.62 
± 0.014 
0.852 
± 0.0016 
0.0025 
± 1.6 x 10-4 
           2 0.970 
± 0.0014 
8.22 
± 0.003 
0.842 
± 0.0017 
0.0026 
± 1.6 x 10-4 
3 
 
4 
  
           5  
0.971 
± 0.0014 
0.976 
± 0.0013 
0.977 
± 0.0013 
8.11 
± 0.015 
7.91 
± 0.013 
7.66 
± 0.013 
0.843 
± 0.0018 
0.839 
± 0.0017 
0.832 
± 0.0016 
0.0037 
± 1.6 x 10-4 
0.0027 
± 1.5 x 10-4 
0.0024 
± 1.4 x 10-4 
 
 
 
 
 
 
 Table 3.3.4: The fitting parameters obtained after modeling the CPMG decay curve  
 with the stretched exponential function for sample B2 for 23 experiments on the  
 same single central sampling point.  
Experiment Nr.        A (ms) b T2 (ms) y0 
1        0.9636 0.8347 8.205 0.0020 
2 0.9646 0.8346 8.177 0.0026 
3 0.9610 0.8347 8.187 0.0025 
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4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
 
0.9643 
0.9643 
0.9649 
0.9643 
0.9641 
0.9631 
0.9593 
0.9639 
0.9630 
0.9633 
0.9630 
0.9629 
0.9606 
0.9605 
0.9612 
0.9665 
0.9645 
0.9618 
0.9645 
0.9630 
0.8354 
0.8318 
0.8330 
0.8325 
0.8358 
0.8361 
0.8347 
0.8333 
0.8333 
0.8354 
0.8325 
0.8309 
0.8336 
0.8345 
0.8344 
0.8327 
0.8364 
0.8314 
0.8335 
0.8328 
8.173 
8.210 
8.195 
8.191 
8.169 
8.160 
8.178 
8.183 
8.181 
8.184 
8.179 
8.193 
8.184 
8.175 
8.188 
8.185 
8.164 
8.196 
8.180 
8.183 
0.0023 
0.0022 
0.0019 
0.0024 
0.0028 
0.0023 
0.0023 
0.0026 
0.0025 
0.0027 
0.0023 
0.0021 
0.0022 
0.0026 
0.0023 
0.0026 
0.0027 
0.0023 
0.0027 
0.0024 
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Table 3.3.5: The average fitting parameters A, b, and T2 obtained from the multiple  
point measurements from the sample B2 with the stretched exponential equation.  
Sample 
position 
experimental 
counts 
Amean bmean T2mean (ms) 
1 3 0.9639 0.8343 8.215 
2 3 0.9655 0.8396 8.140 
3 3 0.9653 0.8332 8.130 
4 
5 
6 
7 
8 
9 
2 
3 
3 
3 
3 
3 
0.9680 
0.9631 
0.9618 
0.9596 
0.9546 
0.9706 
0.8358 
0.8347 
0.8320 
0.8320 
0.8253 
0.8348 
8.151 
8.190 
8.167 
8.052 
7.960 
8.258 
  
 
 
Table 3.3.6: Modeling of the CPMG decay curves obtained for the samples of  the P  
series with the stretched exponential.  
Sample 
number 
experimental 
counts 
A b T2 (ms) 
1 3 1.2084 0.6449 2.043 
2 4 1.2690 0.6001 2.219 
3 
4 
11 
6 
1.2272 
1.2778 
0.6263 
0.5913 
2.172 
2.239 
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Table 3.3.7:  The results obtained from the sample P3 from multiple CPMG  exper- 
iments for the single point measurements. 
Experiment  
number 
A b T2 (ms) y0 
(offset) 
1 1.2050 0.6360 2.120 0.0187 
2 1.2311 0.6265 2.172 0.0191 
3 1.2292 0.6221 2.187 0.0173 
4 
5 
6 
7 
8 
9 
10 
11 
1.2098 
1.2291 
1.2245 
1.2221 
1.2443 
1.2148 
1.2308 
1.2583 
0.6295 
0.6295 
0.6229 
0.6418 
0.6104 
0.6394 
0.6176 
0.6136 
2.182 
2.160 
2.208 
2.113 
2.218 
2.145 
2.205 
2.181 
0.0177 
0.0183 
0.0171 
0.0187 
0.0179 
0.0195 
0.0182 
0.0176 
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